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Preface. 

Knowledge  of  certain  things  is  obtained 
either  by  observation  and  study,  or  by  experiment. 
Each  one  of  the  three  factors  is  as  important  as 
the  other. 

The  characteristics  of  any  piece  of  apparatus 
are  found  experimentally.  Experimenting  is  a  means 
of  either  checking  theorectical  results,  or  a  means 
of  arriving  at  new  results. 

Therefore,  since,  characteristics  are  necess- 
ary it  follows  that  experimental  work  is  very  important 
and  highly  desirable. 

Believing  that  experimental  work  is  a  necessary 
factor  accompanying  theory  which  otherwise  would  be  in- 
complete, the  authors  chose  a  number  of  useful  and  ad- 
vanced experiments  for  this  thesis. 

The  authors  desire  to  acknowledge  indebtedness 
to  Professor  Freeman  and  to  Professor  Snow,  both  of  the 
Armour  Institute  of  Technology  for  their  many  suggestions, 
criticisms,  and  guidance,  without  which  this  work  would 
be  incompletee 


EXPERIMKNT  NO.  1. 


PHASE  CONVERTERS. 
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OBJECT  . 

It  is  experimentally  found  that  polyphase 
machines  are  more  efficient  and  pive  more  satis- 
factory results  than  sinple-phase. 

There  are  sometimes  cases  where  three 
phase  line  ia  not  available  and  only  three-phase 
machines  are  on  hand.   As,  for  instance,  in  op- 
erating a  locomotive  on  a  heavji  grade.   A  three- 
phase  induction  motor  is  fed  from  a  single  trol- 
ley of  a  single-phase  line  construction. 

It  ia  therefore,  the  scope  of  this  ex- 
periment to  shov;  how  satisfactory  results  can 
be  obtained  by  an  Induction  squirrel  cage  motor 
as  a  phase  converter. 
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DEFINITIONS. 

Speaking  about  phase  as  an  electr-lcal 
term,  vie   mean  the  distance  usually  in  angular 
measure,  of  the  base  of  any  ordinate  of  an 
alternating  wave  from  any  chosen  point  on  the 
time  axis.   ((A.  I,  E.  E.  rules)) 

When  corresponding  cyclic  values  of 
two  sinusoidal  alt,  quantities  of  the  same 
frequency  occur-  at  different  instants,  the 
two  quantitjes  are  said  to  differ  in  phase 
by  the  angle  between  their  nearest  correspond- 
ing values;  e.g.,  the  phase  angle  between  their 
nearest  zeros,  or  their  nearest  positive  maxiina. 

Single-phase,  is  a  circuit  energized  by 
a  single  alternating  e.m.f.  supplied  through 
two  wires.   The  currentrj  in  these  two  wires 
counted  positively  outward  from  the  source, 
differ  in  phase  by  IPO  degrees,  or  a  half -cy- 
cle . 

Two-phase,  is  a  combination  of  two  cir- 
cuits energized  by  alternating  e.m.,fs  v;hich  dif- 
fer in  phase  by  90  degrees,  or  quarter  of  a  cyclf 
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Three-phase  ia  a  combination  of  three 
circuits  everrized  hy  alternating  e.m.fs  v;hich 
differ  in  phase  by  l/?5  of  a  cj^cle,  or  IPO   degrees. 

A  phase  converter  is  machine  converting 
A.  C.  of  one  phase  to  an  A.  G.  of  another  phase 
but  of  the  same  frequency. 
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POLYPHASE  TO  SINGLE  PHASE. 
In  Feneral,  it  would  not  be  advisable  to 
use  an  induction  machine  in  this  manner  to  trana- 
forn  t:-e  number  of  phases,  aince  for  thi??  purpose 
a  number  of  transformers,  connected  in  well-known 
ways,  would  be  cheaper  and  better.   In  two  cases, 
however,  this  arrangement  may  b©  advantageous.   It 
can  be  readily  shown  that  it  is  not  possible  by  any 
combination  of  transformers  to  change  from  a  poly- 
phase system  to  single-phase,  and  have  the  currents 
of  the  polyphase  system  balanced.   The  energy  will 
ir  all  cases  be  supplied  as  single-phage  energy 
from  the  generator.   In  general  the  power  in  single- 
phase  circuits  falls  to  zero  four  times  in  each 
cycle.  The  power  supplied  by  the  polyphase  line 
must  likewise  fall  to  zero,  unless  some  means  of 
storing  energy  in  the  system  is  provided.   The  kin- 
etic enerry  of  the  rotor  of  an  induction  motor, 
used  as  a  phase  converter,  supplies  a  means  of  stor- 
ing this  energy.   The  angular  velocity  of  the  rotor 
is  not  constant,  but  varies  during  the  revolution. 
The  machine  takes  energy  in  approximately  equal  a- 
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mounta  from  all  the  phane  of  the  supply  esyetem. 
When  no  energy  i8  demanded  by  the  single -phase 
Rvatem,  the  motor  I3  beinp^  accelerated,  and 
energy  is  being  stored  as  l^inetic  energy  in  the 
rotor.   During  the  parts  of  the  cycle  when  the 
energy  demand  of  the  single-phaae  system  is 
heaviest,  the  rotor  is  retarded  and  gives  up  a 
part  of  its  l':inetic  energy. 

SINGLE  PHAF^E  TO  POLYPHASE. 

The  induction  machine  nay  also  be  used 
in  the  opposite  manner  to  transform  from  single- 
phase  to  any  polyphase  system.   When  operating 
near  synchronism  on  a  single-phase  system,  pro- 
vided the  motor  has  a  low -resistance  rotor,  a 
rotating  magnetic  field  will  be  nearly  constant 
in  all  positions.   Hence  a  polyphase  e.m.f.  v/ill 
exist  at  the  terminals  of  the  corresponding  wind- 
ings.  The  voltages  of  the  polyphase  windings 
will  not  be  exactly  balanced  under  load,  but  vfill 
be  nearl^'  so. 
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UNBALANCING. 
V/hen  the  induction  inotor  is  used  as  a 
pha?!e  converter,  it  alv/ays  produces  some  un- 
balancing of  voltapes  and  currents,  which  ia 
sometimes  very  large.  When  unbalancing  is  un- 
desirable, it  is  usually  corrected  by  adding 
to  some  of  the  phases  auxiliary  voltapes. 

APPLICATION  OF  ABOVE  PRINCIPLES. 
An  example  of  an  application  where  this 
principle  night  be  used  to  advantage  is  in  the 
case  of  a  plan  where  it  is  desired  to  introduce 
motors  to  drive  the  machinery,  and  only  single- 
phase  energy  is  available.   Of  course,  this  con- 
dition night  ba  met  by  the  use  of  single-phase 
motors.   As  is  well  known,  however,  such  motors 
are  very  costly,  compared  with  polyphase  motors 
of  the  same  rating.   Morever,  in  many  cases  there 
is  a  strong  possibility  that  the  supply  will  la- 
ter be  changed  to  polyphase.   Under  these  circum- 
stances, it  might  be  well  to  install  standard 
three-phase  motors,  starters,  and  wiring.  The 
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threa-pbaae  supply  lines  could  then  at  any  future 
time  be  connected  directly  to  the  wiring,  and  the 
plant  operated  three-phase.   To  test  how  satisfac- 
tory results  can  be  obtained  by  an  induction  motor 
as  a  phase  converter,  we  proceed  as  follows. 
(See  method  of  performance. ) 

PHASE  SPLITTING  DEVICE. 

During  tJ^e  tine  when  single-phase  energy 
alone  is  available,  it  would  be  necessary  to  add 
a  phase-splitting  device  as  indicated  in  Figure. 
Tbis  can  be  constructed  as  shown  be  connecting 
a  resistor  and  a  reactor  in  aeries.   It  need  only 
be  large  enough  to  start  one  of  the  three-phase 
motors  unloaded.   It  may  then  be  disconnected 
from  the  line,  and  the  one  Piotor  in  operation 
will  generate  such  an  e.m.f.  as  to  cause  the  third 
wire  to  assume  the  proper  phase  relation  to  the 
other  two,  and  form  with  them  nearly  a  true  three- 
phase  system.  The  other  motors  nay  then  be  start- 
ed as  three-phase  motors.   A  peculiarity  of  this 
system  is  that  while  the  pu'll-out  point  of  all 
the  motors  loaded,  each  in  proportion  to  its 
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rating,  would  correspond  to  the  aingle-phase 
rating  of  the  motors,  the  pull-out  point  of 
any  single  motor,  provided  the  other  motors 
are  lightly  loaded,  is  practically  the  same 
as  its  pull-out  point  on  a  three-phase  circuit. 
This  property  may  he  of  great  value  in  cases 
where  motors  are  subject  of  heavy  momentary 
overloads. 

BEHAVIOR  OF  MACHINE  AS  VOLTAGE  AND  POWER 
BALANCER. 
As  a  corollary  of  the  use  described, 
it  viill  be  readily  seen  that  if  an  induction 
mac  ine  he  operated  from  a  polyphase  line,  the 
voltages  of  which  are  unbalanced,  that  it  will 
act  to  restore  to  a  certain  extent  the  correct 
voltage  relation.   In  fact,  the  case  just  de- 
scribed is  merely  an  extreme  case  of  unbalanced 
voltage.  We  may  consider  the  system  as  a  three- 
phase  system  in  which  the  voltage  between  either 
of  the  two  outside  lines  and  the  third  line  is 
indefinite;  that  ia,  it  may  be  at  the  potential 
of  either  of  the  other  two  lines.   By  starting 
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the  Induction  machine,  it  ia  caused  to  assurne  a 
certain  definite  phaee  relation  to  the  other 
two  lines. 

In  a  similar  way,  if  an  induction  machine 
is  operated  on  an  unbalanced  circuit,  it  will 
tend  to  take  moat  of  its  energy  from  the  phases, 
the  voltages  of  which  are  high,  and  little  or 
none  from  those  which  are  low.   In  fact,  it  may 
readily  happen  that  it  even  returns  energy  to 
the  low -voltage  circuits,  and  of  course,  takes 
an  extra  amount  of  energy  from  the  high-voltage 
circuits.   Thus  the  machine  may  be  acting  at  the 
same  tim.e  as  a  motor  and  a  transformer,  taking 
energy  from  certain  heavily  loaded  circuits  and 
transferring  it  to  others  more  lightly  loaded. 

RESULTS. 

These  theoretical  assumptions  agree  with 
the  experimental  results  obtained. 

In  the  first  part  the  energy  supplied  to 
each  phase  of  the  machine  is  0,  and  130  Watts  re- 
spectively.  Now,  as  the  load  is  thrown  on  phase 
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B,  and  varied  from  0  to  40  amperes,  the  energy 
supplied  to  the  loaded  aide  increaaee  in  propor- 
tion, while  that  supplied  to  the  loaded  aide  de- 
creasea  and  finally  reverses  sign,  indicating 
that  the  loaded  phase,  by  transformer  action,  acts 
as  a  generator  and  supplies  the  load. 

In  part  number  (2)  the  second  phase  is 
entirely  disconnected  from  the  set  supply  after 
the  motor  is  started  and  loaded  with  a  non-induc- 
tive load.   The  load  is  increased  from  0  to  15 
amperes  supply  and  the  transformer  action  induces 
an  e.m.f.  in  phase  B,  which  is  cut  out. 


phase  Converters, 
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METHOD  OP  PERFORMANCE. 

(a)  Run  induction  machine  two  phane  and 
put  a  lamp  load  on  one  pha=«.   Note  load  and  vol- 
tage on  tvro  phase  lines  poinrt  to  motor,  a?  well 
as  load  and  voltage  on  lamps.   Look  particularly 
for  any  unbalance  of  load  to  motor. 

((See  scheme  of  connections,  figure  lA)) 

(b)  Operate  motor  single  phase  and  load 
two  phase  with  lamps,  or  other  non-inductive  load. 
Note  load  current  and  voltage  for  each  phase  of 
the  load,  phase  relation  between  two  phase  voltare, 
as  well  as  single  phase  load  to  motor. 

((See  scheme  of  connections  figure  IB)) 
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TEST  OF  A  (2)    PHA^IE  INDUCTION  MOTOR 
AS  A  PHASE  CONVERTER. 

MOTOR   25    ,  10  HP, 80  VOLTS. 

PART  A. 
A     V     W 
13.0   80.0   .20 
1^,3   '78.5   .50 
16.8   78.2   .85 
IP. 6   77.9  1.15 

22.3  77.0  1.45 

26.4  76.2  1.75 
30.0  7^.0  2.05 
34.0  75.0  2.4P 
37.0   74.5  2.60 

PART  B. 

24.5  80  .40  00  85  400  405  0  50. 
25.5  78  .85  1.0  83  495  395  5.2  50. 
28.0  78  1.2  2.4  83.5  545  800  10.1  50. 
30.8  ^7      1.6     3.5    82.0  ^60  780  15.  50. 


A 

V 

W 

W 

A 

Alt. 

2. A 

79 

130 

200 

0 

50 

2.4 

78 

205 

120 

4.5 

49.5 

2.4 

78 

290 

30 

10.01 

^~o .  5 

2.5 

78 

3^5 

55 

15.1 

49.5 

2.5 

78 

445 

120 

20.4 

49.5 

2.6 

-^8 

535 

205 

25.3 

49.5 

2.7 

78 

600 

265 

30.0 

49.5 

2.8 

77 

mo 

340 

36.0 

49.5 

2.9 

77 

740 

395 

39.6 

49.5 
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OPINION  OF  VARIOUS  VfRTTERS. 

Operating  polyphase  motors  single-phase  is 
a  practice  that  in  general,  advised  against,  hut 
under  the  conditions  it  would  seem  to  have  soma 
advantages.   This  is  shown  by  the  following  fig- 
urea.   A  plant  with  two-phase  renerators  supply- 
ing 125  K.  Vif.  lighting  and  power  load  with  notors 
operating  two-phase  and  single-phase,  give  the 
following  figures: 

Motors  two-phase  Motors  single-phase 

Apparent  power  =  47.4  37,125 

True  po\"rer     =19,6  19 « 4 

Power  factor   =19.6  19.4 

It  is  seen  then,  that  the  other  things  be- 
ing equal  the  power  factor  of  the  system  is  slight- 
ly improved,  and  the  heating  of  the  generators  is 
reduced. 

A  three-phase  motor  can  also  be  operated 
on  a  six  circuit  if  the   winding  be  disconnected 
and  thus  have  six  terminals  from  the  machine. 


16, 


BIBLIOGRAPHY. 


Phase  Converters. 

17 


BIBLIOGRAPHY. 

Three-phase  notors  to  six-phase  circuit. 
Eustis  H.  Thompson,   Diap.  Power,   ^5:  294  F  27  '17. 
A.  M.  Dudley  Diag.  Power, 
(1)   46:  658  -  61   N  13,  '17. 
46:  723  -  26   N  27,  '17. 

Operation  of  induction  raotor  tv^o-phase  to 
one -phase . 

F.  W.  Plumb  Diag.  Power, 
47:  162  -  3,  Jan.  29,  '18. 

No  load  conditions  of  one-phase  induction 
motor  and  phase  converter. 

R.  E.  Hellmund  Diag.  An.  Gust.  E.  C.  proc . 
37:  317  -  401,  April  '18. 

Operate  of  Polyphase  induction  motor  in 
one-phase  circuit. 
D.  K.  Sheaver  Diag.  Power,   ^7:  481,  April  2,  '18. 

Relative  advantages  of  three-phase  mono- 
phase converter. 

Abstract  C.  Delia  Salda.   Elect,  W. 
71:  1045,  May  18,  '18. 


19 


EXPERIMENT  2. 
A  STUDY  OF  A.C.  INDUCTION  INSTRUMENTS 

The  object  in  performing  this  experiment 
was  to  determine  whether  or  not  the  accuracy  of 
induction  instruments  is  affected  by  a  change 
in  frequency  and  wave  shape.   This  is  important 
to  the  engineer  as  almost  all  Westinghouse 
switchboard  meters  are  of  the  induction  type. 

The  experiment  was  run  on  the  following 
schedule. 
Induction  Ammeter; 

Westinghouse  make. 

With  a  constant  value  of  current,  vary 
frequency  from  60  cycles  down  to  a  low 
value,  and  compare  readings  of  a  G.  E. 
ammeter  with  Westinghouse. 
Induction  Voltmeter; 
Westinghouse  made. 

With  a  constant  voltage,  vary  frequency 
from  60  cycles  down  to  as  low  a  value  as 
practicable  and  compare  readings  of  a 
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Weston  electro-dynamometer  type  voltmeter 
with  those  of  the  Westinghouse. 
Induction  Wattmeter; 
Westinghouse  make. 

With  a  constant  power,  change  frequency 
from  60  cycles  to  about  30  cycles,  apply- 
ing half-voltage  to  pressure  circuit  of 
meter.   Compare  readings  with  those  of  a 
Weston  electro-dynamometer  type  wattmeter. 
If  time  is  available  test  meters  on  a  different 
wave  form  for  any  one  current,  voltage  or  power. 
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Westing-  G.E.  Pre- 

house  Ammeter  quency. 
Ammeter 

Non  Inductive  Load 

8.9  9.0  60 

8.92  9.0  55 

8.95  9.0  50 

8.98  9-0  45 

8.99  9.0  40 
9.00  9.0  35 
8.975  9.0  30 
8.900  9.0  25 

Inductive  Load 

8.9  9.0  60 
8.95  9.0  55 
8.95  8.95  50 
8.92  8.90  45 
8.88  8.85  40 
8.80  8.80  35 
8.66  8.70  30 
8.46  8.55  25 

8.10  8.30  20 
7.50  7.80  15 


Westing-  Weston   Fre- 
house     volt-  quency. 
Voltmeter.   meter. 


Volts 

75.0 

80 

60 

74.1 

80 

55 

73.5 

80 

50 

72.3 

80 

45 

71.0 

80 

40 

68.6 

80 

35 

64.3 

80 

30 

Weston  FRe-  Westing- 

v^tt.Ti-Jter  quency  house 

Nonlnductive  Load 

600       60  610 

600       55  610 

600       50  610 

600       45  612.5 

600       40  612.5 

600       35  615. 

600       30  620. 

600       25  625. 
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itinghouse 
Ammeter 

G*  £• 
Ammeter 

Fre- 
quency 

Inductive 

Load  -  Correi 

cted 

8.9 

9.0 

60 

8.95 

9.0 

55 

9.00 

9.0 

50 

9.02 

9.0 

45 

9.03 

9.0 

40 

9.00 

9.0 

35 

8.96 

9.0 

30 

8.91 

9.0 

25 

8.80 

9.0 

20 

8.70 

9.0 

15 
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INDUCTION  AflMETER 
Theory 

The  general  explanation  of  the  action  of 
induction  ammeters,  voltmeters  and  wattmeters 
may  be  based  on  the  fact  that  when  two  alter- 
nating fields  are  in  time  and  space  quadrature 
their  resultant  is  a  field  which  rotates  in 
space.   iVhen  a  small  aluminum  cylinder,  pivot- 
ed so  that  it  is  free  to  rotate,  is  placed  in 
the  field,  eddy-currents  are  induced  in  it.  The 
action  of  the  field  is  to  drag  these  currents 
with  it  and  hence  rotates  the  cylinder. 

Calling  the  component  fluxes  of  the  rotating 
field  01   and  jZfg*  ^nd  T  the  angle  of  lag  of  the 
induced  currents  I^^  and  Ig  behind  their  respect- 
ive induced  voltages  E^  and  Eg,  Pig.  E  gives  the 
time  phase  relations. Angles  B^  and  Bg  are  meas- 
ured from  an  arbitrary  line. 

The  turning  moment  is  due  to  the  reaction 
between  f^i   and  Ig,less  that  between  jz(g  and  I^^. 
The  flux  waves  are  assumed  to  be  sine  waves. 
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The   instantaneous  torque   is; 

average   torque  T  =   1^ /^(Kj^^izfg  -  K^g/Z^^)  dT 

r  K'jZfgli    Cos    (Y-f-90°-f  Bi   -  B2)-KJ?(il2   cos 

(y   -H  9CO-*-B2    -   Bi). 
a   -   K'jZlgli    sin    (^    -(B2-Bl))-^   K'^zf^Ig   sin 

(Jf-f-(B2   -   BiJ) 
at  a  given  frequency, 

Z 

l2   =  g2  02   f^ 
Z 
where  Z  is  the  irapedence  of  the  current  paths 

in  the  rotor. 

T  =  K"  f  01   02     {sin   (/  -  (B2-Bi)-hsin 

Z 
(y-^(B2  -  Bi ))  =  K*"  f  0^02   cos^  sin  (Bg-Bi)  (A) 

Z 
The  Westinghouse  induction  ammeter  is  shown 

in  Pig.  C.   The  line  current  enters  at  the  ter- 
minals and  flows  through  coil  P,  giving  rise  to 
flux  0P^  which  crosses  the  air  gap  in  a  horizontal 
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direction  S;  the  secondary  winding, with  coils 
AA, forms  a  closed  circuit  ^p  induces  a  current 
in  winding  S  which,  in  turn,  produces  ^g  which 
crosses  the  air  gap  in  a  vertical  direction. 
The  fluxes  are  in  the  proper  space  relation, 
and  the  proper  time  relations  are  obtained  thru 
transformer  action  of  the  two  windings. 

Referring  to  the  vector  diagrams  Fig.  D, 
l^p  links  both  P  and  S;it  is  therefore  the  mutual 
flux,  and  induces  in  S  an  e.n.f.,  E3,  which 
lags  90°  behind  J2fp.   The  flux  ^5  threads  only 
S  and  not  P,and  is  therefore  the  secondary  leak- 
age flux;  it  is  in  time  phase  with  I3.   Eg  is 
the  vector  sum  of  IgXg,  the  reactance  drop  due 
to  ^5, and  IsHg,  the  ohmic  drop  in  S.   ^p  and 
(2(3  are  slightly  more  than  90^*  apart  in  time 
phase  and  will  produce  a  torque  on  the  rotor. 

I  is  the  line  current  so 

4  =  K2I 

^p  =  K3I 
f 


26 


Substituting  in  equation  (A) 

T  =  K4I2  Cos  t        sin  (83  -  Bi) 
Z 

B2  -  B^  =  approx.  90°. 

Z,  K    and  (B2  -  3i )  all  vary  with  a  change  in 

frequency  so  it  is  necessary  to  design  the 

instrument  so  the  factor  cos  ^  sin  (Bg  -  B^ ) 


Z 
stays  as  constant  as  possible.  The  error  between 

25  cycles  and  60  cycles  may  be  reduced  to  as 

low  as  »5%» 

Changes  in  temperature  affect  Z  and  y   for 

correct  indication  for  any  given  current  ^^^-n 

2 

cos  If    must  be  made  constant  with  respect  to 

temperature.   This  is  attained  by  giving  the 

secondary  a  tem.perature  coefficient  =  _Z    by 

cos  y 
making  it  partly  copper  and  partly  of  resistance 

wire  of  low  tem.perature  coefficient. 
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INDUCTION  VOLTLISTER 

The  induction  voltmeter  is  the  same  as  the 
ammeter  except  that  the  primary  coil  is  of  fine 
wire  and  is  in  series  with  an  external  non-in- 
ductive resistance  of  zero  temperature  coeffi- 
cient. The  ratio  of  ohmic  resistance  to  total 
impedance  is  made  very  high  so  that  the  current 
in  the  primary  coil  is  practically  independent 
of  frequency. 
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INDUCTION  WATTMETER 

The  induction  principle  is  used  in  switch- 
board wattmeters  as  well  as  in  switchboard  am- 
meters and  voltmeters. 

The  core  is  made  of  finely  laminated  iron. 
The  potential  coil  is  wound  around  the  legs  of 
the  core  and  the  current  through  it  magnetizes 
the  core,  as  shown  by  the  arrows  in  Fig.  E. 
The  potential  coll  flux,  j2fi,  passes  through  the 
air  gap  and  rotor  in  a  horizontal  direction. The 
current  coil  gives  rise  to  flux  f^2r   which  crosses 
the  air  gap  and  rotor  in  a  vertical  direction. 
The  rotor  is  a  thin  aluminum  cylinder  pivoted  so 
that  it  may  rotate  in  the  air  gap. 

The  air  gaps  are  made  large  so  the  fluxes 
will  be  proportional  to  their  respective  currents. 
The  fluxes  are  in  proper  space  relation  for  pro- 
ducing a  torque  on  the  rotor.   The  condition  of 
correct  time  phase  relation  is  attained  as  des- 
cribed below. 
(B2  -  Bi)  Is  the  time  phase  angle  between  the  tv/o 
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fluxes:  The  time  phase  diagram  Is  Fig.  F.  The 
potential  circuit  is  made  highly  inductive  so 
fil   lags  behind  the  applied  voltage,  V,  by  an 
angle  of  75  or  80°;  it  will  not  lag  90°  due  to 
energy  losses  in  the  core  and  windings. 

The  angle  c<     is  the  amount  -  by  which  f^i 
falls  short  of  being  in  quadrature  with  V. 

^-^-(62  -  Bi)-h©  -  90°. 
©  is  the  angle  by  which  the  line  current,  I, lags 
behind  V.   The  torque,  as  in  the  ammeter,  is  at 
a  fixed  frequency, 

T  =  KgVI   cos  jT  sin  (B2  -  B^ ) 

Z 

=  ^B^I   cos  y  sin  (90  -<^-   9) 
Z 

z   KgVI   cos  y  cos  (^+9) 
Z' 
Power  is  VI  cos  9,  so  if  ^  is  made  zero,  {^i 

90°  behind  V)  the  torque  will  be  proportional 

to  the  power.   This  is,  of  course,  the  desired 

adjustment,  and  is  attained  by  the  use  of  a 

special  phase  shifting  device  which  will  increase 

the  phase  angle  between  the  useful  potential  coll 
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flux  In  the  air  gap  and  the  applied  voltage. 

The  magnetic  circuit  of  the  potential  coil 
should  be  such  that  the  useful  potential  coil 
flux  is  naturally  as  near  90°  from  V  as  possiblei 
i.e.,  'X  should  be  as  near  zero  as  possible;  then 
the  amount  of  additional  lagging  required  will 
be  less.   The  less  the  lagging  to  be  caused  by 
the  phase  shifting  device  the  better  the  meter 
will  work  over  wide  changes  in  frequency.   The 
phase  shifting  device  in  most  common  use  in 
this  country  is  a  secondary  winding,  S,  closed 
on  itself  through  a  resistance,  R2. 

This  lagging  arrangement  makes  the  potential 
circuit  equivalent  to  a  transformer  with  a  large 
primary  leakage  flux,  much  of  which  is  in  the 
series  reactor. 

The  primary  winding  of  the  potential  cir- 
cuit has  a  rather  high  resistance  as  well  as  a 
high  reactance  so  that  if  the  circuit  through 
R2  is  open  the  instinment  is  under-lagged,  that 
is,  the  angle  between  the  useful  potential  coil 
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flux,  J^j,  and  V  is  less  than  90°. 

There  is  assumed  to  be  an  equal  nunber  of 
turns  in  the  secondary  coil  and  the  part  of  the 
potential  coil  wound  on  the  main  core  (1  to  1 
ratio).   Referring  to  the  vector  diagram.  Fig, 
G,  j4i>  threads  both  the  potential  coil  winding 
and  the  secondary  and  Induces  an  e.m.f.,  -  E, 
and,  E,  in  each  respectively.   The  applied  volt- 
age, V,  must  overcome  the  vector  sum  of  -  E, 
Rlll,  (the  primary  ohmic  drop)  and  X^I]^  (the 
primary  reactive  drop,  due  to  the  primary  leak- 
age flux).  As  shown,  the  angle  z\  between  V  and 
j4i  is  less  than  90°. 

A  current,  I2,  flows  in  the  secondary  cir- 
cuit when  it  is  closed  through  R2.   Fig.  H  is 
the  vector  diagram  for  this  condition.   I,  is 
now  the  vector  sum  of  -  I2  and  Iq  the  magnetiz- 
ing current.   When  the  secondary  is  open  I^  = 
Iq'   As  may  be  seen  in  the  diagram,  I^  is  rotat- 
ed counter-clockwise  when  R2  is  closed,  there- 
by also  rotating  R^Ii,  Xil^,  and  V  in  the  same 
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direction.   This  means  that  A    is  increased. 

In  order  to  adjust  A  to  exactly  90°  it 
is  necessary  to  calibrate  the  instrument  on  a 
load  having  unity  power  factor  and  then  on  a 
load  having  a  low  power  factor,  say  *§,  If  the 
results  do  not  agree  R2  is  varied  until  they 
do. 

As  a  change  in  frequency  changes  the 
reactance  and  hence  the  value  of  A  ,   an  in- 
duction wattmeter  will  not  indicate  correctly 
for  any  frequency  except  that  on  which  it  was 
calibrated.  As  a  change  of  frequency  affects 
the  indication,  the  wave  form  will  also  affect 
it. 
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Experiment  Wo,    3 
Polyphase   Induction  Watt-Hour  Meter 
Introduction 
The  watt-hour  meter  operates  under  more 
varied  and   exacting  conditions   than  almost 
any  other   piece    of  apparatus.      It  is   frequent- 
ly  suhjccted   to   vibration,   moisture,    short 
circuits,   and   extremes   of  temperature;    it 
must  measure  accurately  on  varying  voltages 
and   various  wave   forms;    it  must   operate   for 
many  months  without  any  supervision  or 
attention  whatever;   and,    in  spite   of  all  these 
conditions   it   is   expected   to  register  with 
accuracy  from  a  few  per  cent  of  its  rated 
capacity  to  a  fifty  per   cent  overload.        To 
become  more   familiar  with  this  useful   instrument 
ahd   to  understand  and   to  know  how   to   correct  is 
errors  when  adjustment  might  be   needed,   was    the 
object  of  performing   the   following   experiment 
on  the   polyphase   induction  watt-hour  meter. 
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Kxperiraent   Ko,    3 
Polyphase   Induction   <fetthour   Meter. 

The  meter  used   in  this   test  was  a    tVestinghouse, 
Round    Type,   Polyjihase   induction  watt  hour  meter. 
The  method   of  precedure   consisted    in   connecting 
the  two   current   coils  in  series  and   the   potential 
coils   in  parallel  after  disconnecting  all  the 
current  transformer  terminals   from  the   instrument, 

A  wattmeter  was  used   to  measure   the   power  and 
a  stop  watch  registered    the   time.      The   time    of 
fifty  revolutions   of  the   disk  was  recorded   and 

from  this   notation  the   r.p.m,    of  the    disk  was 

K  R 

calculated.   From  the  formula  M  * ,  where  M 

S 

equals  the  watts  passing  through  the  meter,  K,  the 
meter  constant  (1800),  R,  the  r.m.p,  of  the  disk 
and  S  the  duration  of  the  test  in  seconds,  the 
number  of  watts  as  registered  by  the  meter  under 
test  may  be  obtfi.ined  and  compared  to  the  standard 
wattmeter  reading.   The  following  data  were  taken 
at  normal  voltage,  normal  frequency  and  variation 
of  load  from  zero  to  full  load  value  of  five  amperes. 
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A  non  inductive  load   was   used. 

Load  fo  Pull  True  itegistered  %  Registration 

in  Amp«        Load  Watts  Watts 

0.485  9.7  92.  104.  113. 

1.390  27.8  224.  252.  113. 

2.620  52.5  482.  568.  118. 

3.380  67.5  614.  728.  118. 

4.080  81.5  740.  874.  118. 

5.030  100.0  912.  1Q58.  118. 


A  curve   of  %  registration  plotted  against 
%  load  as   a  results   of  the   above   data  is   shown 
below  in  figure  3-A. 

Data  for  a  frequency  curve  were  then  obtained 
at  constant  full  load  current  and  normal  voltage. 
IChe   results  are  noted   below. 
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A  curve   of  per  cent  registration  and   fre- 
quency is   shown  below   illustrating  no  pereep- 
tibie   change  within  a   range  of  10  cycles. 
(fig.    3-B).      The   connections  for   carrying  out 
the  above  work  are   sketched   in  fig.    3-C. 
Part   Two   of  Experiment  3. 

The   second   part   of   this  experimeiit   consisted 
in  obtaining:   zero  power  factor  at  normal  full 
load    current,   normal  voltage  and    frequency  and 
observing   the  accuracy  of  the  meter  at  this  power 
factor.      The   scheme  of  connections  is   sho\v   in 
fig.    3-D,     A  15  K.W,   alternator   is   connected   in 
star;    the   voltage   terminals  are   taken   off  of 
two   points   of  the  Y  while    the    current  is   tapped 
off  from  the  remaining  point   to  neutral.      If 
the   current   coil  and   armature  winding  had  no 
inductance   the  angle  between  the   current  and 
voltage  would   be   exactly  90     but  on  account 
of  the    small   inductive   effect   it  was  necessary 
to   connect  a   condenser  and   inductance  in  series 
and    the   two   in  parallel  with  the   load,      I'he 


37 


function  of  the   inductance  was   to  damp  out 
the   harmonies.     A   very  fine   adjustment  was 
obtained   in  this  way  and  a    power   factor   of 
exactly   zero  was    secured.      In  order  to   find 
out  whether   the   current  was   leading  or   lagg- 
ing  an  inductance  was  placed   in  the   circuit. 
If  the  current  was  leading  the   voltage   the 
wattmeter  reading  would   decrease  with   the 
additional  inductance.      Since   the   current 
was   found   to   be    leading  a   variable    condenser 
was  placed    in  circuit   so    that   exact  quadrature 
might  be   obtained,      V/hen  the   voltage  terminals 
were   interchanged    the    current  lagged    90° 
and  a   zero   reading  on  the  wattmeter  was 
maintained.     A  "rector   diagram  of  the    voltage 
and    current  in  the   system  is   shown  in  figure 
3-ii.      The    direction  of  the    voltage    is  C  B 
between  two   points   of   the   Y  and    from  neutral 
to    the   remaining   point    the    voltage   is  !<  A  and 
90     to   the   first   voltage.      The   current   I,    lags 
slightly  behind    the   voltage   M  A,    but   by  the 
addition  of  the    capacity  it  may  be  adjusted   to 
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be  exactly  ih  phase  vvith  U  A  and   in  exact 
quadrature   to   C  B,   as   shown  by  vector   I.      The 
disk  of   the  meter  rotates  at   zero   power   factor 
showing   an  improper  adjustment  of   the  power 
factor   compensation;    but   from   data   taken  the 
r.p.m.    were   found    to    be    zero  when  the   current 
was  lagging  the   voltage  by  90.1°.      This 
completed   the   experimental  work  on  this 
experiment  and   following   is  a  description  of 
the  instrument  and    its  mechanism  in  detail. 
Discussion. 
In  measuring    the  power   in  a   three  phase 
three  wire   circuit   the   current    coils   of  the 
two  wattmeters  are   placed   in  any   two   of  the 
three  phase   leads,   and   the    pressure   coils  are 
connected,  respectively,    between  these   two 
leads  and   the    third   lead,      A  simple   proof  of 
the   correctness   of  the    two  wattmeter  method 
of  measuring   the    power   in  a   three  phase 
circuit  under  any  condition  of  service   is 
given  below.      In  fig.    .?-i',    let   the    sides  of 
the   triangle  ABC  represent   the  relativB 
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Talues  and  phase  positions  of  the  three  e.m.f.'s 
of  an  unsymmetrical  three  phase  system.  Assume 
the  receiver  to  be  delta  connected,  and  let 
^AB  ^®  ^^®  current  in  coil  A  3,  and  0AB  be 
the  angle  of  lag  of  this  current  with  respect 
to  the  e.m.f,  of  the  coil.   Similarly,  let 
IgQ  and  I   represent  the  value  and  phase 
position  of  the  currents  in  coils  BO   and  AC, 
Uo  restriction  is  made  as  to  the  values  of 
currents,  e.m.f.'s  or  as  to  the  several  lag 
angles.   Let  one  element  of  the  polyphase  watt 
hour  meter  be  connected .with  its  current  coil 
in  lead  A,  and  its  e.m.f.  coil  across  this 
lead  and  lead  C,,  also  a  wattmeter  at  a,   with 
pressure  coil  between  B  and  C.   Each  wattmeter  . ; 
will  show  a  deflection,  which  may  be  represent- 
ed by  W  -  ii)  I  cos  }^  where  I  is  the  amperes  in 
the  current  coil,  E   is  the  volts  across  the 
e.m.f.  coil,  and  0  is  the  angle  between  this 
e.m.f.  and  the  current  I.  Assume,  in  the  first 
place  the  current  flowing  in  coil  A  B  to  be 
absent  while  measurements  are  made  upon  the 
watts  supplied  to  the  other  coils,  as  indicated 
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in  figure   3-G,      JSviaently  the   sura  of  the 
readings  of  the  meters  as   connected   gives  the 
iwatts    in   the   two   remaining    coils,    since   each 
meter   is  connected  as   though  measuring  power 
in  a  single   phase   circuit.      Now  assume,    in 
the   second   place,    the    current   to   flow   in  coil 
A  B  alone  while    the   currents    in  the  other 
two    coils  are   absent,   as   shown  in  fig.    3-ii, 
The  wattmeters  as   connected   now  register  as 
their   sum  the   true  watts   supplied    to   coil  AB, 
When  all  three   currents   flow   simultaneously, 
each  wattmeter  will   show  a   deflection  equal 
to   the    sum  tff  its   two  previous  readings, 
since   its  e.m.f.    coil  has  undergone  no   change 
in  connection  and   the   two   currents   causing 
the   former   deflections  are   now   superposed, 
and   the  true  power   transferred  will  be 
properly  recorded   by   the  tv.o   elements  of  the 
polyphase  meter.      I'wo   wattmeters  having    their 
current   coils    in   series  with  a   given   single 
phase    load,   and   one    terminal  of   the   e.m.f. 
coil  of  each  meter   connected   to  the  opposite 
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leads   of  the   circuit    supplying  power  to   the 
load   and   the   other   two   free   terminals 
connected    together  and   placed  at  any  point 
of  any  relative  potential   compared   with   that 
of  the   load   as   showh  in  fig,    .^-H,    will  give 
the   true   value    of  power   transmitted. 

The  Westinghouse   induction  polyphase 
watthour  meter    is   a   combination  of  two    single 
phase  metering  elements,    the  armature   disks 
of  which  arf!  mounted    on  the    same    shsL'ft  or 
spindle.      Only  one   registering  mechanism  is 
thus  necessary.      The   total  driving   torque   is 
the  sura  of  the   torques   exerted   by  the   two 
actuating   elements  and    the  registration  is 
proportional   to    the   energy  passing  through 
both.      Ihe   operating  principle  of  the  meter 
is   that   of  an  induction  motor  where   the 
armature  in    the   rotor  and    the   rotating   fields 
the  stater.      The   main  elements  of  this   inr,tru- 
ment  are: 
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(l)  The  field  producing  element 
(S)  The  moving  element 

(3)  The   retarding  element 

(4)  The   registering   element 

(5)  The  mounting  frame  and   bearings 

(6)  the   friction  compensator 

(7)  the  power   factor  adjustment 

(8)  Frequency  adjustment 

(9)  the   case  and   cover. 

(1),      The    field    producing  element   consists    of 
the   electro-magnetic   circuit  and   the  measuring 
coils.      One  of  these   coils   connected   in  series 
with  the   circuit   to  he  metered,    is  wound    of 
tevi   turns  and    is   therefore   of  low   inductance. 
The   current   through  it  is   in  phase  with   the 
current  in  the  metered    circuit.      The   other   coil, 
connected  across  the    circuit,    is  highly  induc- 
tive,  and    therefore   the  current   in  it   is   nearly 
90degrees  out   of  phase  with,   and  proportional 
to   the   voltage    of  the  metered   circuit   across 
its   terminals.      Therefore  when  the    current    in 
the    circuit   is    in  phase  with   the    voltage,    the 
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currents  in  the  meter  coils  are  displaced 
almost  90°  by  means  of  the  power  factor  adjust- 
ment.  The  coils  are  so  mounted  on  the  core 
that  the  currents  in  them  produce  a  rotating 
or  shifting  field  in  the  air  gap,  in  somewhat 
the  same  manner  that  the  currents  in  the 
primary  windings  of  an  induction  motor  produce  a 
rotating  field.   I'he  strength  of  the  rotating 
field  with  90  phase  difference  between  the 
currents  is  proportional  to  the  product  of 
the  currents  in  the  two  coils  and  therefore 
proportional  to  the  product  of  current  and 
voltage  in  the  metered  circuit.  At  any  other 
powerfactor  the  field  is  proportional  to  this 
product  multiplied  by  the  sine  of  the  angle  of 
phase  difference  between  the  two  meter  currents. 
If  the  current  in  the  voltage  coil  is  in  quad- 
rature with  the  voltage  of  the  metered  circuit, 
at  any  power  factor  the  sine  of  the  angle  of 
phase  difference  between  the  currents  in  the 
meter  circuits  will  be  equal  to  the  cosina  of 
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the  angular  displacement  between  the  current 
and  voltage  in  the  metered  circuit.   Under 
these  conditions  therefore  the  strength  of 
the  shifting  field  is  proportional  also,  to 
the  power  factor  of  the  circuit.   In  other 
words,  the  strength  of  the  rotating  field 
is  proportional  to  the  product  of  the  volts, 
amperes,  and  pov7er  factor  and  is  therefore 
a  measure  of  the  actaal  power.   Energy  is  con- 
sumed in  the  field  producing  element  of  the 
meter.   It  is  upon  the  design  of  this  feiement 
that  the  losses  in  the  meter  depend.  Current 
is  flowing  through  the  shunt  coil  continuously- 
even  when  no  energy  is  being  taken,  and  the 
higher  the  inductance  of  this  coil  the  smaller 
will  be  the  energy  component  of  the  constant 
flow.   The  series  coil  causes  a  loss  of  energy 
proportional  to  the  square  of  the  current 
flowing.   It  also  causes  a  drop  in  voltage, 
both  inductive  and  resistance,  hence  the 
resistance  and  inductance  of  the  series  coil 
of  the  meter  should  be  as  low  as  possible. 
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The  magnetic  circuit  should  he  so  designed 
that  the  increase  of  magnetic  flux  with  high 
voltage  or  high  current  will  not  have  retard- 
ing action  hut  will  act  only  to  increase  the 
torque.   If  the  tetarding  effect  he  not  pre- 
vented the  meter  will  of  course  run  slow  at 
overloads. 

The  shifting  nature  of  the  field  produced 
can  he  shown  by  reference  to  figures  5   I  and 
of  the  magnetic  flux  produced  by  the  two  wind- 
ings; the  directions  however  are  constantly 
reversing  owing  to  the  alternations  of  the 
current  in  the  coils.   Denoting  the  shunt  and 
series  pole  tips  by  the  letters  shown  in  fig, 
3- J  gives  a  clear  statement  of  the  relation 
of  the  fields  at  each  ^   period.   The  signs. 
l»lus  and  minus  represent  the  instantaneous 
values  of  the  poles  indicated.   Thus  at  one 
instant  the  pole  tips  A,  G  and  A'  of  the 
potential  coil  are  maximum  plus,  minus,  and 
plus,  respectively,  because  the  instantaneous 
value  of  the  current  is  maximum,  while  the 
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■value  of   the   series  flux  is    zero.     At  -4   periofl 
later    the    current  in  the  potential   circuit    is 
zero,    giving  zero  magnetic   potential  at   the 
pole   tips,   while    the   series   current  has  reach- 
ed a  maximtun   value,    giving  maximum  minus  and 
plus  at  the  pole    tips  B  and    D.     At   th,e   next 
^  period   the   current   in  the  potential  circuit 
is  again  maximum,    but    in  a    direction  opposite 
to  what   it  7ias  at   the    beginning,   making   the 
pole    tips  A,    C  and  A'    minus,    plus  and  minus, 
respectively,   while   the   series   current  again 
is   zero.      Continuing,    the   other  relations   of 
plus  and  minus  poles  shown  in  fig.   3-J   is 
obtained.      It  will  be  observed   from  the   table 
that   both  the   plus  and   minus  signs  move   constant- 
ly in  the    direction   from  A'    to  A,    indicating  a 
shifting   of   the   field  in  this   dirBction,    the 
process  being  repeated   during   each  cycle, 

(2)      The  moving  element   consists   of  a   light 
metal   disk  revolving   through   the  air  gap   in 
which  the   rotating   field    is  produced.      The 
disk  acts   like   the  aquirrel-cage  armature   of  an 


47 


Induction  motor,  developing  the  motive  torque 
for  the  meter.   This  torque  is  counter  balanced 
by  the  retarding  element  so  that  the  speed  is 
proportional  to  the  torque.   The  disk  should 
be  made  as  light  as  possible  to  reduce  the 
wear  on  the  bearings  to  a  minimum, 

(3)  The  retarding  element  acts  as  a  load 
on  the  induction  motor  and  enables  the  adjust- 
ment of  its  speed  to  normal  limits.  In  order 
that  the  speed  shal  be  proportional  to  the 
driving  torque,  which  varies  with  the  watts 
in  the  circuit,  it  is  necessary  that  the  torque 
of  the  retarding  device  be  proportional  to  the 
speed,  For  this  reason  a  short  circuited 
constant  field  generator  consisting  of  a  metal 
disk  rotating  between  permanent  magnet  poles, 
has  been  generally  adopted.   The  retading  torque 
is  produced  by  eddy  currents  which  are  induced 
in  the  disk  in  rotating  through  the  magnetic 
field  which  opposes  the  force  that  produces 
them,  thus  developing  a  retarding  torque.   The 
constant  field  is  produced  for  the  retarding 
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disk  by  permanent  magnets.   The  retarding 
disk  may  be  the  same  disk  used  for  the  moving 
element  in  which  case  the  meter  field  acts  on 
one  edge  while  the  permanent  magnet  field  acts 
on  the  edge  diametrically  opposite.   This 
arrajagement  simplifies  the  number  of  parts 
and  saves  space  and  weight  of  moving  element, 

(4)  The  registering  element  mechanism 
comprises  the  dial  pointers,  and  gear  train 
necessary  to  secure  the  required  reduction 

in  speed.   This  gear  train  is  driven  directly 
by  the  rotor  and  therefore  its  friction  should 
be  low  and  constant, 

(5)  The  frame  and  bearings  have  an 
important  Influence  on  the  accuracy  of  the 
meter,  as  it  is  in  the  bearings  that  most  of 
the  friction  in  the  meters  occur.   The  frame 
should  be  rigid  and  free  from  vibration,  so 
that  the  bearings  will  be  at  all  times  in 
perfect  alignment.  Initial  friction  is  un- 
avoidable in  any  meter  construction  and  can 
be  eaaily  compensated  for.  A  change  in  the 
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initial  friction,   however,    due   to  wear  of 
bearings,   makes  readjustment  necessary. 

(6)    The   friction  in  an  induct ion- type 
meter  is  much  less   than  in  a   commutator- 
type  meter  because   of  the  absence   of  a 
commutator  and   an  airraature.      On  the   other 
hand,    the   torque    is  less  and    the    effect   of 
friction  at  light  load  has   to   be   compensated. 
The  principle   employed   in  practically  all 
meters   is   that  in  which  a   flux  is  produced 
at   the  potential  pole   face,    slightly  out  of 
phase  with   the  main  flux.      Thus  eddy  currents 
will  be   produced   in  the   disk  which  will  be   in 
phase  with  a  small  component  of  the  main  flux, 
giving  rise   to   a  slight  torque  which   can  be 
made   sufficient   to   overcome   the   friction  torque. 
This   "out-of-phase"    flux  is  produced   in  various 
ways  in  different  meters,      A  common  method    is   to 
place  a  short-circuited    copper   circuit   or   tl-iin 
copper  punching    ("shading   strip")    in  the   poten- 
tial-pole air-gap,    in  an  unsymmetrical  position, 
so    that   the   desired   unbalanced    flux   will  be 
obtained.      In  the  Columbia  meter,    the  effect 


50 


(7)   If  the  phase   quadrature  is  not   exact, 
the  meter  will   obviously  not   register   correctly 
under  all   conditions.      In  consequence  of   the 
ohmic   resistance  of  the  potential   circuit, 
the   current  is   never  exactly  90°     behind    the 
impressed   Cira.f.     At  any  instant,    the   flux  Ef 
from  the  potential  pole,    instead    of  being  in 
phase  with   the   eddy  currents,    I^,    due  to    the 
line   current,    is  slightly  behind   as   indicated. 
The   torque  is   therefore  propi^rtional   to    the 
product  Ig  and   oa,   instead   of  Ig  and   Eff. 
The  meter  will   therefore   run  slow,   but  as  a 
practical  matter   the  error  is   so   small   that 
at  unity  power-factor  it  is   insignificant. 
The  error  rapidly  becomes  large,   however, 
as   the  power-factor   decreases.     As  practically 
all  alternating   current   circuits  have   a  pov^er- 
factor   less    than  unity,   a   compensating  coil   is 
used   to   eliminate   the  error.      This   coil  is  a 
short-circuited   coil  placed  on  the  potential 
pole  and    in  which  a   current  is    induced    90° 
behind   the   generating   (potential)    flux.      Its 
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flux,  Sf  will  be  in  phase  with  that  (induced) 
current  and  therefore  90°  from  Ef ,  with  which 
it  will  combine.   By  adjusting  the  value  of 
the  resitance  flag  adjustment)  the  resultant  flux 
can  be  brought  into  exact  phase  with  Ig  and  the 
meter  will  then  register  correctly  on  all  power- 
factors.  It  is  evident  that  with  laj^ging  power- 
factor  in  circuit,  a  meter  will  be  slow  if 
"under  lagged"  and  fast  if  "over  lagged."   The 
opposite  results  will  occur  with  a  leading  power- 
factor. 
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(8)   The  Frequency  adjustment  usually 

consists   of  a  short   circuited   loop  enclosing 

i 
part  or  all   of   the   shunt    field   flux  and   acts 

like   the    secondary  of  a   transformer.      The   flujc 

induces  a   current   in  it  which  acting  with   the 

current  in  the   shunt  coil,   produces  a  slightly 

lagging   fielfl.      By  shifting   the  position  of   the 

rcsi&tan6fe,of  the   short   circuited  loop,    the  lag 

may  be   so   adjusted    that   the  shunt    field   flux 

is  in  exact  quadrature  with  the  voltage.      It 

should   be   noted   that   this  adjustment  makes   the 

mater   correct  at  or   near  one   frequency  only, 

(9)   The  case  and   cover  should  be   dust  and 

tug  pro(5f ,    to  avoid   damage   to  the  bearings, 

insulAtion  and  moving  parts,   and    should   be 

provided  with  means  for  sealing.      Terminal 

chambers  are   so   arranged   that  the   ©over  of 

the  meter  need  not  be  removed   in  connecting 

up,     A  window  thru  v,/hich   the    rotation  of  the 

disk  should   be   provided    for   checking  up   the 

meter. 
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POLYPHASE  WATT-HOUR  METER   COIJI^GTlOiiS 
Obviously  it   is   extremely  important   that 
the  ■various   circuits  of  a   polyphase  meter  are 
properly  connected.      If,   for  example,    the 
current-coil  connections  are   interchanged   and 
the   line  power-factor   is   50  per   cent,    the  meter 
will  run  at   the  normal  100  per  cent  po'wer- 
factor   speed,    thus   giving  an  error   of  100  per 
e  e  nt . 

A  test  for  correct   connections  is  as  follows: 
If  the   line  power-factor   is   over  50  per   cent, 
rotation  will  always  he    forward  when  the  potential 
or   the    current   circuit  of   either  element   is   dis- 
connected,   but  in  one    case   this   speed  will  be 
less   than  in     the  other.      If  the  power-factor 
is  less   than  50  per  cent  the    rotation  in  one 
case   will  be  backward. 

When  it    is   not  known  whether  the  power- 
factor   is   less   or  greater    than  50  per   cent, 
this  may  be    determined    by   disconnecting  one 
clement  and    noting    the   speed.      Then  change 
the  potential  connection  from  the  middle  wire 
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to   the    other   outside  wire  and   again  note    the 
speed.      If  the  power-factor  is   over   50  per 
cent   the    speed   will   be   different   in  the    two 
cases,   but    in  the    same    direction.      If  the 
power- factor   is   less   than  50  per  cent,    the 
rotation  will  be   in  opposite   dirsctions   in 
the  two   cases. 

USE   OF    I1^STRUI/Ii;m^    TEAI^3F0rM*:R3  WITH 
WATT-HOUR  METERS. 
When   the   capacity  of   the  circuit   is    over 
200  amp,    series-type   instrument    transformers 
are   generally  used   to   step-down  the   current 
to  5  amps.      If  the  potential  is   over  440 
volts,    series   transformers  are  almost     in- 
variably used,   irrespective   of  the   magnitude 
of  current,    in  order   to  insulate  the  meter 
from  the  line;    in  such  cases,    shunt-type  trans- 
formers are  also  used   to  reduce   the   voltage  to 
110   volts.      The   ratio  and  phase-angle   errors 
of   these    transformers   should    be   taken  into 
account  where  high  accuracy  is    important,   as 
in   the    case   of  a   large   installation.      These 
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errors  can  be  largely  compensated  for  by 
adjusting  the  meter  speed.  This   completes 
the  discussion  of  the  various  parts  and 
concludes  the  experiment  on  the  polyphase 
induction  watt-hour  meter. 
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I  Instruments 

Westinghouse  polyphase  watt-hour  Meter  L'o.  9641. 

Weston  wattmeter,  moael  31C,  «o,  375. 

Weston  voltmeter,  IJo.  5091. 

G,  K,  ammeter,  (5-10)  Type  P-4,  Uo,  20E426. 

Frequency  meter,  Hartmann  -  Kerapf.  i-^o.  249195 

Stop  watch. 

Garhon  tube  rheof:tat. 
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ANALYSIS  OF  WAVE  FORMS. 


Analysis  of  wave  forma. 


58 


OBJECT. 
The  conalderation  of  wave  forms  is  very 
Important  in  the  study  of  A.  C.  phenomena.   It 
is  useful  because  infornation  can  be  obtained 
in  the  designing  of  electrical  apparatus,  or  in 
the  determination  of  the  naximun  e.m.f.  and 
flux,  and  from  that  the  determination  of  losses. 
The  maximum  stresses  in  the  machine  and  from 
that  the  insulation  to  be  used. 

This,  then  is  the  scope  of  this  experiment: 
given  a  certain  machine  and  an  oscillogram  of  its 
e.m.f.  wave  to  analyze  it  into  its  component  parts. 


Analj'sig  of  wave  forms , 


'INTRODUCTION. 

In  any  circuit  one  source  of  voltage 
wave  diatortion  is  in  the  alternator.   V/ith 
an  open  circuit  the  instantaneous  voltage  at 
the  generator  terminals  is  directly  proper- 
tioned  to  the  instantaneous  cutting  lines  of 
force. 

A  simple  conductor  revolving  in  a  un- 
iform field  at  uniform  velocity  generates  a 
sine  voltage  wave. 

The  distribution  of  flux  however,  may 
not  be  uniform,  due  to  the  slots  and  teeth  in 
the  armature  which  produce  the  pulsation  of 
the  field. 

Other  reasons  of  distortion  are: 

(1)  Variation  of  speed  of  prime  mover; 

(2)  Armature  reaction;  and 

(3)  The  distribution  of  the  armature  conduc- 
tors connected  in  series. 

While  the  voltage  wave  of  a  single  con- 
ductor has  the  same  shape  as  the  distribution 
of  the  magnetic  flux  at  the  armature  circumfer- 
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ence,  and  so  may  differ  considerably  from  a 
sine  wave,  the  result  of  the  waves  of  nany 
conductors,  and  especially  with  a  distributed 
armature  v/inding,  shows  the  higher  harmonics 
in  a  much  reduced  degree,  the  resultant  being 
nearer  to  a  sine  wave.   In  some  cases  the  al- 
ternator can  be  designed  so  as  to  largely  el- 
iminate some  of  the  higher  harmonics,  and  thus 
produce  a  nearly  pure  sine  wave.   This,  however, 
is  not  alvmys  desirable,  or  even  if  it  is  it  can- 
not be  accor.plished  easily. 

For  this  reason,  most  of  the  alternators 
give  more  or  less  distorted  waves.   We  say  dis- 
torted, because  of  both  theoretical  discussions, 
and  practical  operation  the  sine  wave  is  taken 
as  standard,  and  any  deviation  is  called  distor- 
tion. 


Analysis  of  v.-ave  fornn. 


GENERAL  SURVEY  OF  THE  SUBJECT. 

There  are  varlouB  ways  of  analysing 
wave  forme  obtained  by  curve  tracers,  or  os- 
cillographs the  mont  important  of  which  are: 
(1)   Mechanical;  Harmonic  Analyser 
{?,)      Theoretical:  Runge  '  e  method. 
From  these  two  methods  the  second  one  is  to 
be  taken  up  in  detail. 

Harmonic  Analyser. 

The  harmonic  analyser  is  simply  a 
mechanical  device  used  in  connection  with 
recording  apparatus  for  obtaining  quantita- 
tive values.   The  values  of  the  sine  and  co- 
sine coefficients  are  obtained  separately  for 
each  one  of  the  component  waves,  and  from  this 
coeff icj  entf!,  the  resultant  are  found  by  calcu- 
lation. 

RUNGE'S  METHOD. 
Before  attempting  a  final  analysis  of  a 
wave  perhaps  it  is  desirable  to  note  tvro  funda- 
mental characteristics. 
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(1)  The  v/aves  are  periodic,  that  is, 
the  successive  cyclee  are  alike. 

(2)  The  function  ie  single  valued. 
According  to  Fourier  (1682)  any  sinple 

valued,  periodic  function  can  be  completely  ex- 
prepned  by  a  nimple  trigonometric  series,  now 
known  as  Fourier's  series. 

y  =  K  +  A  sin  X  ^  A  sin  3  X A  sin  n  X 

-^  B  cos  X  *  B  cos  2  X  -t.  B  cos  3  X — B 

B.  cos  n  X (1) 

For  an  e.m.f.  vrave  the  same  series  can 
be  written  as: 

e  =  K  +  E,  sin  (tt.*  4.)  *  E  sin  (2  t  *  0) 

E  sin  (n  t  +  0) -: (o) 

where 

K  =  constant    e  =  y      X  =  t 
E  =i/A  +  Bf  E.=  A,  4  B^etc. 

p  =  tan  ^  (t>  =  tan  '  etc. 

'I       ^, 

In  commercial  power  systems  the  A.  C. 
voltage  is  produced  by  rotating  machinery  and 
hence  the  positive  and  negative  halves  of  the 
waves  are  equal  in  magnitude  and  similar  shape. 


Analysis  of  wave  forms, 
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From  this  it  follov;s  that  waves  with  equal  pos- 
itive and  negative  halves  can  have  no  even  har- 
monics.  Hence  for  voltape  waves  in  povfer  circuits, 
e  =  E  sin  ('..t^-y)  -  E  ,  sin  (3  t-^y  ) 

+  E  sin  (5  -^y) E   -»-  sin  (gy-i  ) 

,  t  -  y  ) (3) 

In  the  above  equation  the  first  tern  is 
called  the  fundamental,  while  the  others  are 
called  3rd,  5th  etc.  harmonics  according  to  their 
frequency.   The  angular  velocity   for  every  turn 
is  constant  and  can  be  found  since 

=  27:f 
where 

f  =  frequency. 
The  problen  then  is  to  find  the  coeffi- 
cients E  E  R  etc.  also    y,  V^  

and  from  that  v;rite  our  final  complete  equation 
of  instantaneous  e.  m.  f. 

EIGHTEEN  POINT  SCHEDULE. 
Having  traced  our  e.m.f.  vmve  to  be  an- 
alysed, divide  your  base  line  of  one-half  cycle 
into  eighteen  parts;  measure  the  ordinates  and 
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write  them  down  into  two  columns  in  the  order 
indicated  by  y  y  in  the  eighteen  point  sched- 
ule. 

In  the  next  tv.'o  colunna  appear  the 
sums  S  of  ordinateB,  found  by  adding  thofe 
in  the  name  row,  and  the  differencea  D  of  the 
same  ordinateB. 

In  the  fifth  column  are  indicated  the 
trigonometric  functions  which  enter  into  the 
calculation.   The  rest  of  the  schedule  indi- 
cates in  an  abbreviated  form  v/hat  products 
are  to  be  formed,  the  convention  being  adopt- 
ed that  each  quantity  S  or  D  is  to  be  multi- 
plied by  the  sine  of  the  angle  v/hich  appears 
in  the  same  row  at  the  left.   It  is  also  to 
be  noticed  that  each  product  which  is  in- 
volved in  the  calculation  of  any  coefficient 
stands  in  the  left,  or  right  hand  column,  ac- 
cording as  it  depends  upon  odd,  or  even  ordi- 
nates. 

The  arrangement  and  calculations  ac- 
cording to  eighteen  point  schedule  are  shown 
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in  the  next  two  pages,  vrhere  the  resultant 
coefficients  and  final  e.m.f.  equation  appear. 


Analysis  of  wave  forns 


CHECK  ON  THE  EIGHTEEN  POINT  ANALYSIS. 

In  v/ork  of  this  kind  eorae  check  on  the 
accuracy  of  the  numerical  work  ia  almost  indis- 
peneahle.   Fortunately,  such  a  check  may  be 
made  without  any  considerable  amount  of  labor. 

The  equations  below  give  sufficient 
relations  betv/eer  the  coefficients  and  the 
measured  ordinates  to  establish  the  correct- 
ness of  the  values  of  the  coefficients  derived 
by  calculations: 

y  =  (B,  ^  H)  ^  (B  ^  B)  *  (B  +  B)  +  (B  ^  B)  *  B 
y  =  (A  ^  A)  +  (A  ^  A)  ^  A  -  (A  *  A)  -  (A  H.  A) 
d-.=  2  sin  60   (B  -  B)  -  (B  -  B)  -  (B  -  B) 
=  2  sin  60   (A  -  A).  -  (A  -  A)  -  (A  -  A) 
The  above  check  applied  to  our  analy- 
sis shows,  satisfactory  results  and  adds  confi- 
dence to  the  final  outcome  of  the  work. 
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suraiARY. 

Thus  Te  have  a  method  by  vrhich  any  wave 
obtained  by  a  curve  tracer,  or  oocillopraph  can 
be  analysed  into  its  component  parts.   The  var- 
ious coefficients,  amplitudes  and  pha!=es  are 
calculated,  and  the  final  equation  is  written 
in  a  very  satisfactory  manner.   Runge ' s  method 
has  an  arranpement  and  check  ^uch  that  it  gives 
very  satisfactory  results  and  facilitates  the 
location  of  numerical  er'^ora. 
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FIELD  TESTING  OF  INSTRUl^ENT  TRANSFORf-IERS 
BY  AGNEW'S  METHOD 

Introduction 

In  current  transformers  the  ratio  of  trans- 
formation and  the  phase  angle  between  the  actual 
vector  position  of  the  secondary  current  and 
the  primary  current  reversed  are  not  constants 
under  various  conditions  of  loading.   The  curves 
on  the  following  page  show  the  characteristics 
of  a  current  transformer  tested  by  the  General 
Electric  Co.  From  that  curve  sheet  it  is  clear 
that  when  using  a  current  transformer  for  ac- 
curate measurements  the  characteristics  must 
be  known.   Various  methods  for  determining  such 
characteristics  have  been  devised. 

P.  G.  Agnew  of  the  Bureau  of  Standards  des- 
cribed a  method  of  comparing  instrument  trans- 
formers with  a  standard  of  known  characteris- 
tics in  the  November  21st  issue  of  the  Elec- 
trical World.   This  method  proved  to  be  very 
valuable  for  field  testing  and  for  small  lab- 


iiiiunii 


Siiiiiii 
litiini 


■  nlssn:: 

■■■IIIIIIIMHBaHaHBHil 


i 


lllilllUlllI 

iiiiyuniu 

iiiiiiiiiiiniu 
JiiniiDHin 

jiinrnHin 

._____^^^^^ ^iiHniinnnHin 

■■■■■■■■■■■!!  ■'{■■■■■■■■■■nBiiiinrnuin 

■■■■■■■■■■■!!  !ii!!llHBHBHIIBHIiniiHUIN 


llllliL 

llllilM 

iiiiniiE. 
iiiiiinBwi 

in 


III 


IIIBHIIifll 
11BMIIMI 


HHIiliHIIIL 
IHIIlllUtllll 
lUIIJUJIIIL. 

inDIIIIHHHHU'Sr 


nnriiumni 


iriiHHIIHIIIII 

iF/ifliffiHinii 
i//iBifiHini 

wmnmrnmi 


luiiir 
luiiinii 

luniiniii 


iiiBBrriiiiHi  , 

llinB/IVJlMKI 

innBfiiiini 

iMMnniiHiii 


!l!P//iP!il'|il|BHBH|BBBKnOMItl 


m 
m 


//iBiAMil/iBHBI ^._ 

n!lBr^HI/iB!!BBBBBBUnBr/ill///fllll 


I 


r/>BB'i»flriBU 

f/Mwm 


Ij 


fl/HBU 

riBrfVABii 


,^.^^jBfl«Bfl»gUKBBBBBBBKBiflBr/iB'fi/IIBn 

■■■■■psi^BniKfiSiiaaaaBBBBaBnan/iiMin 
S!!!!S^!iK^i^>"!'BBBBBaaB»Bni'iyi»irB 

BliBBBaBaM^HBnBBBaBBBBIKBBIiMHKB 


mmm 


mm 


wmwtnmmm 


s^aK07  AvytTAfoyys' 


^7i>A^t^  PS-t^//t/ 


70 


oratory  work.   H.  M.  Crothers  gives  simplified 
calculations  for  the  method  in  the  March  15, 
1919  issue  of  the  Electrical  World.   His  meth- 
od of  procedure  was  followed  throughout  this 
experiment. 

DETAILS  OF  THE  METHOD 
The  essential  apparatus  used  in  this 
experiment  consists  of  a  standard  and  the  test 
transformer  with  their  primary  windings  connec- 
ted in  series  with  the  supply  circuit  as  shown 
in  Fig.  1.   The  secondaries  are  connected  to 
the  current  coils  of  two  portable  standard 
wattmeters,  and  a  four-pole  switch  is  interpos- 
ed for  the  purpose  of  switching  the  meters  from 
one  transformer  to  the  other.   The  voltage  coils 
are  connected  either  in  series  or  in  parallel 
according  to  the  voltage  available  and  are 
controlled  by  a  common  snap  switch.   If  the 
source  of  supply  is  such  that  the  desired  varia- 
tions in  current  are  unattainable  an  auxiliary 
transformer  must  be  used. 
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CHARACTERISTICS  OP  THE  STANDARD  USED 
Westinghouse  transformer  #179  50/5 
Secondary  Current   Phase  Angle     Ratio 
0.91  52.5*        10.25 

1.49  29.2'        10.19 

1.90  19.2*        10.16 

2.59  8.0*        10.14 

2.88  4.3*        10.13 

3.48  -0.9*        10.12 

3.92  -4.3*        10.11 

4.42  -7.5         10.10 

4.95  -9.6         10.09 

THEORY  OF  THE  METHOD 
H.  M.  Crothers  gives  the  theory  as  follows: 
With  a  chosen  primary  current  flowing  the 
ratio  between  the  readings  of  the  meters,  will 
depend  upon  their  adjustments  and  upon  the  cur- 
rent ratios  of  the  transformers  through  which 
they  are  supplied,  or 

in  which  Rg  r  the  current  ratio  of  the  standard 
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transfonnerj  R^^  -  the  current  ratio  of  the  test 
transformerj  K^^  r  a  constant  depending  upon  the 
adjustment  of  meter  A;  K^  :;  a  constant  depend- 
ing upon  the  adjustment  of  meter  B;  Ag  =  regis- 
tration of  meter  A  connected  through  the  stand- 
ard transformer,  and  B^  z  r-egistration  of  meter 
B  connected  through  the  test  transformer. 

If  the  meters  be  interchanged  in  the  trans- 
former secondaries  and  another  pair  of  readings 
taken  with  the  same  current,  then 

As/Bx  =  (RsKa)/RxKb  (2) 

or  dividing  the  equations  member  by  member 
eliminates  the  meter  constants  and  gives 
(AsBs)/(AxB3,)  ::  (Rx/Rs)^, 
or  Rx/Rs  =\/  (AsBg)/(AxBx        (3) 
Agnew  shows  that  this  equation  may  be  put  in 
the  form 

(Rx  -  Rs)/Rs  =  i  (As  -  Ax)/Ax 

(Bg  -  Bx)/Bx  (4) 

To  determine  the  difference  between  phase 
angles  of  the  two  transformers  it  is  necessary 
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to  operate  the  meters  at  a  low  power  factor. 
The  registrations,  then,  are  affected  both  by 
the  current  ratio  and  by  the  phase  shifts  of 
the  secondary  currents.   If  the  voltage  be 
shifted  by  the  angle  9  (measured  positive  when 
the  voltage  leads  the  current)  and  another  set 
of  readings  (A*  s,  B*  x.  A'  x,  B'  s)  is  taken, 
then  the  angle   x»  ^V   which  the  secondary  cur- 
rent leads  the  reversed  primary  current  accord- 
ing to  Agnew  is 

6nx  (ii^  minutes)  z  6\S   "   3438/tan  9     (A'g  - 
A'x)/2  A\   (B»s  -  B'x)/2  B'^  -  (R^  -  Rs)/Rs) 
This  is  equivalent  to  the  form  given  below  in 
the  discussion. 

SIMPLIFIED  CALCULATIONS 
Use  of  this  method  in  testing  a  large  number 
of  transformers  has  led  to  the  development  of 
simpler  forms  of  the  equations  given.   For  the 
calculation  of  the  current  ratio  of  the  test 
transformer  a  form  is  used  which  may  be  obtain- 
ed from  equation  (3)  by  use  of  two  simple  expe- 
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dients. 

The  first  and  most  obvious  steps  is,  when 
taking  the  readings,  to  make  Ag  -  A^  and  equal 
to  some  integral  number  of  revolutions.  Doing 
this,  equation  3  becomes 

Rx/Hs  =V  Bg/Bx  rV  l-^(Bs  -  Bx)/Bx 
Expanding  by  the  binomial  theorem,  all  terms 
after  the  second  may  be  dropped  with  a  result- 
ing error  of  the  order  of  0.01  per  cent.  This 
gives 

Rx/Rg  r  1   i-^/CBg  -  Bx)/Bx]  or 
(Rg  -  Rx)/Rs  =  I-  O^s  -  Bx)/Bx]   (5) 
The  same  form  is  obtained  immediately  from 
equation  (4)  when  Aj^  :;  Ag. 

The  second  expedient  is  the  use  of  the 
"ratio  factors"  Pg  and  F^^  instead  of  the  ratios. 
As  used  by  the  Bureau  of  Standards,  this  term 
is  defined  as  the  true  ratio  divided  by  the 
marked  ratio.   It  is  convenient  to  state  the 
ratio  factor  in  per  cent 

Pg   (in  per  cent)  ;  100  Rs/Rm  (marked  ratio). 
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The  use  of  ratio  factor  is  found  helpful  not 
only  in  this  case  but  in  all  work  with  instrument 
transformers.   Meters  connected  through  in- 
strument transformers  usually  have  their  scales 
or  dials  numbered  to  take  account  of  the  marked 
ratio  of  transformations  so  that  if  the  ratio 
factor  is  stated  in  per  cent  the  percentage  er- 
ror in  the  readings  due  to  transformers  is  at 
once  apparent. 

The  ratio  factors  are  obtained  by  multiply- 
ing the  numerator  and  denominator  of  the  left 
member  of  equation  (5)  by  lOO/Rm,  giving 
(Px  -  Ps^/Ps  =  i  /jBs  -  Sx)/Bx]  , 
or  Px  =  Fs  -t  Ps  DBs  -  Bx)/2  B^]'    (6) 
The  second  term  of  the  right  member  of  equa- 
tion (6)  is  of  the  order  of  1  per  cent  of  the 
first  term.   Therefore  a  few  approximations 
in  the  second  term  will  not  affect  appreciably 
the  final  result  of  the  calculations.   For  Pg 
the  value  100  may  be  substituted  since  the 
ratio  factor  of  the  standard  transformer  is 
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always  very  close  to  100  per  cent.  Again  for 
Bx  the  value  Ag,  which  is  very  nearly  equal  to 
it,  may  be  substituted.  Ag  is  an  even  number 
and  makes  the  arithmetic  easier.   Finally, 
Px  =  Ps-f-  100  /jBg  -  Bx)/2AgJ        (7) 
(Pg  and  Fx  are  stated  in  per  cent. ) 
(Ag  =  Ax). 

The  error  in  the  value  obtained  for  Px 
due  to  all  approximations  involved  will  not 
exceed  0.1  per  cent  when  the  difference 
between  the  two  transformer  ratios  is  not  over 
3  per  cent  and  the  difference  between  the  meter 
rates  is  under  the  same  limit. 

To  calculate  the  phase  angle  (^x  ^^^   follow- 
ing line  of  reasoning  may  be  used:   It  may  be 
seen  from  equation  (7)  that  100  RBg  -  Bx)/2Ag7 
gives  the  percentage  difference  in  the  ratio 
factors  of  the  transformers.   The  only  new 
element  affecting  the  second  set  of  readings 
taken  at  low  power  factor  is  the  fact  that  the 
secondary  currents  are  displaced  by  different 
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angles  from  the  primary  current,  and  therefore 
the  power  factor  at  which  a  meter  operates  de- 
pends on  the  transformer  through  which  It  Is 
connected.   The  difference  then  between  100/1b' 

-  B'x)/2A'g  jand  100  [(Bg  -  Bx)/2As/  will  give 
the  percentage  difference  in  the  power  factors 
cos  (©  -^x)  ^^^   cos  (0  -gS^s)* 

or  100  ^os  (©  -c^s)  -  cos  (©  -  S^^)]  /  fcos   (© 

-  S.s)]   =  ±   100  [^(B's  -  B'x)/2A's  -  (Bg  -  Bx) 
/2AsJ  (8) 
The  left  member  reduces  approximately  to  (J^x  - 

g^s)  tan  ©/34.38,  so 

cAx  =cfs  ±  (34.28/tan  ©)  |jLOO(B's  -  B'x)/2A's- 
100  (Bs  -  Bx)/2AsJ 
When  a  three-phase  supply  is  used,  ©  is  usually 
60  deg. 

sOcKx  =  cks  ^20  [iCO  (B's  -  B'x)/2A's  -  100 

(Bg  -  Bx)/2As]     (©  =  60')        (10) 
The  sign  of  the  bracketed  expression  is  determin- 
ed by  the  definition  of   and  ©  and  by  the  kind 
of  transformers  under  test.   With  defined  as  the 
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small  angle  by  which  the  secondary  current  (or 
voltage)  leads  the  reversed  primary  current  (or 
voltage)  and  ©  defined  as  the  angle  by  which  the 
supplied  voltage  leads  the  supplied  current, 
equation  (9)  becomes  for  current,  transformers, 
dsx  =<is  -  (34.38/tan  9)  /jLOO  (B's  -  B'x)/2A*s 

-  100  (Bs  -  Bx)/2As7  (11^ 
For  voltage  transformers ^^  :  d^s  -f- (34»38/tan 

e)  [loo  (B'g  -  B'x)/2A's  -  100(Bs  -  Bx)/2As7(12) 

TO  DETERMINE  WHETHER  ©  IS  POSITIVE  OR  NEGATIVE 
When  A'g  -  A'^^  equation  (11)  shows  that  (B'g 

-  B*x)  depends  only  on  the  characteristics  of  the 
transformer  and  is  independent  of  the  characteris- 
tics of  the  meters.   Likewise  it  can  be  shown 
that  (B's  B'jj)  depends  only  on  the  characteris- 
tics of  the  meters  and  is  Independent  of  the 
characteristics  of  the  transformers.   These  re- 
lations can  be  utilized  as  follows:   In  the  lab- 
oratory, or  in  some  installation  where  the  order 
of  phase  rotation  is  known,  let  a  set  of  read- 
ings be  taken  at  some  chosen  current  through  the 
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meters  and  with  9  =  60  deg.   Suppose  B'g-I-B'x 
s  N'.   Take  another  set  of  readings  with  the 
same  values  for  the  A  readings  and  with  ©  ;  -60 
deg.   If  there  is  a  small  difference  in  the  phas- 
ing adjustments  of  the  two  meters,  the  sum  of  the 
B''  readings  will  be  different  from  N',  say  B"g 
"^  B"x  =  N".   On  the  subsequent  tests  at  other 
places  shift  the  voltage  taps  at  random  and  take 
the  readings  for  the  phase-angle  determination. 
At  the  current  previously  chosen  again  make  the 
A  readings  the  same  as  used  before,  and  if  the 
sum  of  the  B  readings  is  equal  to  N',  the  angle 
is  positive.   If  the  sura  is  equal  to  N",  the 
angle  is  negative. 
EFFECT  OF  INDUCTANCE  IN  THE  CURRENT  CIRCUITS 
In  the  preceding  discussion  it  has  been 
assumed  that  the  currents  in  the  transformers 
and  meters  are  in  phase  with  the  voltage  to 
which  they  are  connected.   Experience  shows  that 
this  is  sometimes  far  from  being  the  case.   In- 
stances have  been  met  in  which  the  current  lagged 
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30  deg.  or  more.  It  is  necessary  to  be  always 
on  guard  against  this  possibility,  for  neglect 
to  do  so  may  lead  to  large  errors* 

It  will  be  recalled  that  in  determining  the 
ratio  of  the  transformer  it  was  assumed  that  the 
meters  were  operating  at  a  high  power  factor  so 
that  the  effect  of  the  transfonner  phase  angles 
would  be  negligible.   However,  the  effects  of 
the  phase  angles  are  not  negligible,  generally, 
if  the  meters  are  operating  at  a  power  factor 
of  0.96  or  lower.   This  corresponds  to  a  lag 
of  the  current  behind  the  voltage  of  15  deg.  or 
more.   If  the  angle  is  15  deg.,  equation  (7) 
may  be  applied  with  a  possible  error  due  to  this 
cause  as  high  as  0.2  per  centj  it  will  be  less 
than  0.1  per  cent  if  the  phase  angles  of  the  two 
transformers  differ  by  30  min.  or  less. 

In  the  phase-angle  determination  the  poss- 
ible error  comes  from  assuming  that  the  angle  © 
between  current  and  voltage  on  the  meters  is  60 
deg.  when  it  actually  may  be  more  or  less  by  15 
deg.   If  the  true  angle  is  known,  no  error  need 
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arise.  A  power-factor  meter  may  be  used,  of  course, 
if  one  is  available.  Another  method  used  in  the 
field  with  fair  success  involves  timing  the  meters 
first  with  the  voltage  taps  across  the  same  phase 
as  the  current  leads,  then  with  the  taps  across 
the  adjacent  phase.   If  the  watt-hour  meters  are 
correctly  phased,  the  power  factor  may  be  deter- 
mined within  a  few  per  cent  from  the  ratio  of  the 
readings. 

It  is  best  to  keep  ^he  current  nearly  in  phase 
with  the  supply  voltage  by  keeping  the  resistance 
of  the  current  circuit  as  high  as  possible.  A 
service  voltage  of  220  is  better,  therefore,  than 
110  volts,  but  440  volts  is  still  better  if  suit- 
able rheostats  and  watt-hour  meters  are  available. 
It  has  always  been  found  possible  to  keep  the 
phase  angle  between  the  current  and  voltage  with- 
in the  15-deg.  limit  of  60  deg.  by  keeping  the 
resistance  of  the  control  rheostat  up  to  at  least 
20  ohms. 


82 


OBSERVATIONS 
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iilxperime&t  iJo.  7 
Wave  i'orrn  and  Iron  Losses  in  Transrormers 
Introduction 
The  rapid  development  of  power  transmission 
"by  means  of  a  step  up  transformer  at  the  genera- 
tor end  and  a  step  down  transformer  at  the 
receiver  end  has  brou^^ht  the  alternating  current 
transformer  into  prominence  in  the  electrical 
\A/orld,   It  is  undoubtedly  the  most  common  and 
most  used  piece  of  alternating  current  apparatus 
on  the  market;  on  account  of  its  unlimited  use 
the  losses  must  be  kept  at  a  minimum  in  order  to 
keep  the  efficiency  at  a  maximum  anc'  thus,  this 
experiment  has  been  performed  and  written  up  to 
show  what  effect  the  wave  form  has  on  the  iron 
losses  in  a  transformer. 
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iiacperimcnt  Uo.  7 
Wave  i'orm  and  Iron  LOL^ses  in  Transf ormors  . 
The  transformer  used  in  this  experiment  was 
a  S.K.V.A.  V/estinghouso  core  type  transformer 
with  a  10:1  ratio.   The  generator  used  was  a  30 
K.VV.  alternating  current  generator  which  gave 
approximately  a  sine  wave  of  voltage.   The 
sbheme  of  cormections  for  this  experiment  is 
shown  in  fig.  7-A.   The  voltage  taken  from  the 
generator  is  at  a  pressure  of  110  volts  and  by 
means  of  an  auto-transformer  the  voltage  is 
varied  from  110  to  440  volts  at  the  generator 
end.   The  voltage  over  the  primary  of  the  trans- 
former is  maintained  constant  at  110  volts  by 
means  of  a  series  resistance  in  the  circuit. 
An  ammeter  measures  the  magnetizing  current 
and  a  wattmeter  measuros  the  iron  loss  at  the 
various  generator  voltages.   By  varying  the 
voltage  from  110  to  440  a  wave  shape  varying 
from  an  approximate  sine  wave  to  a  decided  peak 
wave  may  be  obtained.   The  following  data  was 
obtained. 
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The  wave  shapes  obtained  on  the  oscillograph 
for  the  current  and  voltages  in  the  transformer 
at  generated  voltages  of  110  volts,  220  volts, 
300  volts  and  400  volts  are  shown  in  fig.  7-B. 
At  110  volts  the  voltage  is  approximately  a  sine 
wave  while  at  400  volts  it  has  a  very  decided 
peak  to  it.   The  current  curve  on  the  other  hand 
is  peaked  at  110  volts  and  approaches  a  sine  wave 
at  400  volts. 


89 


Discussion. 

From  the  data  it  will  be  noted  that  the 
higher  the  peak  of  the  voltage  wave  the  less 
the  loss  in  the  transformer  at  the  same 
effective  voltage  or  in  other  words  the  greater 
the  form  factor  the  leas  the  iron  loss.   The 
reasnn  for  this  is  as  follows:   The  effective 
value  of  the  induced  e.m.f.  is  given  hy  the 
equation  E  =  4fBSFU  where  E  is  equal  to  the 
effective  value  of  the  e.m.f.,  f  the  frequency, 
B  the  maximum  flux  density,  S  the  cross  section- 
al area,  P  the  form  factor  and  W  the  number  of 
turns,   i'rom  the  above  equation  it  may  readily 

be  seen  that  B  -   .  '  -  which  shows  that  the 
4f3fM 

maximum  flux  density. for  a  given  electromotive 
force  is  inversely  proportional  to  the  form 
factor.   Therefore  for  flat  curves  with  a  small 
form  factor  the  iron  losses  are  larger  than  for 
pointed  waves  which  have  a  large  form  factor. 

The  mean  square  of  any  wave  is  the  sum  of  the 
mean  squares  of  all  its  harmonic  components  and 
consequently  its  effective  value  is  independent 
of  the  phase  relations  of  these  harmonics.   An  e.-n.f, 
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wave  tieing  a  symmetrical  one  contains  only  odd 
components.   If  one  of  these  has  the  same  sign 
as  the  fundamental  near  the  center  of  the  latter, 
it  will  add  to  the  peakness  of  the  wave,  but  at 
the  same  time  it  will  reduce  the  mean  value  since 
it  will  have  one  more  negative  than  positive 
half  waves  included  in  the  positive  half  of  the 
given  wave.   On  the  other  hand  if  the  sign  of 
this  harmonic  is  reversed  it  will  flatten  the 
wave  and  increase  its  mean  value.   Consequently 
since  the  form  factor  is  the  effective  value 
divided  by  the  average  value  and  since  the 
effective  value  is  the  same  in  both  cases,  the 
peaked  wave  will  have  a  greater  form  factor. 
For  equal  primary  potential  the  primary  current 
and  power  decrease  with  increase  of  form  factor 
and  the  efficiency  is  thereby  greater  with  a 
pointed  potential  wave.   The  regulation  of  the 
secondary  potential,  however,  is  better  with  a 
sine  potential  curve. 

The  advantages  of  a  high  form  factor  are 
counterbalanced  by  disadvantages.  A  peaked  wave 
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takes  a  larger  charging  current  on  long 
transmission  lines  than  one  of  sine  curve 
form.  Also  the  insulation  must  be  made  to 
withstand  greater  voltages  on  a  peaked 
potential  wave  circuit  than  a  sine  potential 
wave,  both  having  the  same  effective  value. 
Take  for  instance  two  waves  with  effective 
values  of  5000  volts,  one  of  rectangular  and 
the  other  of  triangular  form.   Their  form 
factors  are  1  and  1.16  respectively  and  their 
amplitudes  5000  and  8666iD  volts  respectively. 
This  while  the  insulation  of  the  first  trans- 
former has  only  to  withstand  5000  volts,  that 
of  the  other  must  be  made  for  8660  iyclts. 
The  waves  considered  have  extreme  values  and 
the  ratio  between  the  maximum  and  effective 
values  generally  lies  within  these  limits. 
V/hen  measuring  the  peak  voltage  of  a  transformer 
it  is  absolutely  necessary  to  measure  the  exact 
peak  value  and  not  the  effective.  This  point  may 
be  noted  from  the  former  curves.  At  110  volts 
and  400  volts,  the  effective  values  are  the  same 
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but  the  peak  values  are  different  so  that  the 
effective  value  multiplied  "by  the  square  root 
of  E  is  not  a  correct  method  to  obtain  the 
maximum  voltage,   There  are  three  ways  that 
may  he  used  to  measure  the  true  peak  voltage: 
the  spark  gap,  the  oscillograph  and  the  crest 
voltmeter.   The  spherical  spark  gap  voltmeters 
are  constructed  of  two  non  arcing  metal  spheres 
mounted  vertically  in  suitable  wooden  frame 
work.   One  sphere  is  sometimes  used  at  ground 
potential  or  both  may  be  insulated  as  the  case 
may  be.  A  resistor  is  placed  in  series  with 
one  of  the  spheres  to  protect  the  transformer 
when  the  spark  jiunps  over,   ouitable  micrometer 
adjustment  is  provided  so  that  the  separation 
of  the  spheres  may  be  accurately  determined. 
The  oscillograph  shows  a  band  of  light  on  a 
screen  and  the  length  of  this  band  is  pro- 
portional to  the  peak  voltage. 

The  crest  voltmeter  operates  on  the  principle 
that  the  average  valuo  of  the  half  wave  of  the 
charging  current  in  a  condenser  bushing  wMch 
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charging:  current  flows  into  and  out  of  the  li^ush- 
ing  when  the  latter  is  subjected  to  a  voltage 
strain,  is  proportional  to  the  crest  of  the 
voltage  wave.   The  charging  current  ia  rectified 
"by  means  of  small  mercury  bulbs  and  measured  by 
a  sensitive  direct  current  milli-ammeter  that  is 
calibrated  in  terms  of  the  high  alternating 
voltage.   The  deflection  of  the  instrument  is 
proportional  to  the  maximum  value  of  the  voltage 
wave;  and  since  the  instrument  is  a  direct  cuirent 
instrument,  all  the  scale  divisions  are  approx- 
imately equal.   This  makes  it  possible  to  read  low 
voltages  on  the  scale  with  the  same  accuracy  as 
the  higher  voltages,  a  very  important  and 
desirable  feature  in  insulation  testing.   The 
readingt^  of  the  ereat  voltmeter  are  affected  by 
the  frequency  of  the  supply  circuit  and  for  this 
reason  a  frequence;  meter  is  supplied.   The  read- 
ings of  the  crest  voltmeter  vary  directly  with 
the  frequency  so  that  a  correction  can  feasily  be 
made  for  any  variation  in  frequency  from  that  for 
which  it  is  calibrated.   The  complete  equipment 
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of  the  crest  voltmeter  output  consists  of  a 
small  slate  panel  mountea  on  pipe  framevsork 
and  upon  the  panel  is  mounted  a  frequency  meter, 
a  direct  reading  highly  sensitive  milli-ammeter 
specially  calibrated  to  read  crest  voltages, 
two  small  rectifier  hulhs  and  a  change  over 
switch. 

V/hen  testing  a  transformer  on  non  sine  waves, 
reliable  results  may  be  obtained  by  the  follow- 
ing scheme  (fig.  7-G )  .   If  the  alternator  has 
a  frequency  of  60  cycles  a  circuit  containing 
resistance,  inductance  and  capacity  is  so  adjust- 
ed that  it  will  be  in  resonance  at  60  cycles  and 
then  by  taking  leads  off  at  each  end  of  the 
resistance  and  using  low  values  of  voltage  and 
current  as  compared  to  those  of  the  main  circuit, 
a  sine  wave  circuit  may  be  thus  obtained. 
Another  method  for  measuring  looses  wj  th  non- 
sine  wave  is  to  use  an  iron  loss  voltmeter  which 
is  described  as  follows:   The  iron  loss  voltmeter 
is  for  use  with  a  wattmeter  for  determiningthe 
iron  loss  in  transformers  on  the  basis  of  sine 
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wave  voltage  anrl  normal  frequency,  when  the 
testing  is  done  on  a  circuit  of  any  wave  shape 
and  approximately  normal  frequency.   The  iron 
loss  voltmeter  consists  of  a  wattmeter  move- 
ment connected  in  series  with  the  winding  on 
an  iron  core,  and  so  compensated  t?iat  it 
measures  th^  iron  loss  in  the  core.   It  is 
calculated  in  volts  on  a  circuit  of  pure  sine 
wave  voltage.  Any  circuit  that  makes  the 
instrument  read  a  certain  voltage  therefore 
produces  the  same  iron  loss  as  would  a  pure 
sine  wave  of  that  voltage.   The  instrument 
does  not  indicate  the  voltage  of  the  circuit, 
hut  the  voltage  of  a  pure  sine  wave  of  normal 
frequency  that  would  cause  the  same  iron  loss 
in  the  transformer  as  the  wave  of  voltage  of 
the  testing  circuit.   In  application  the  iron 
loss  voltmeter  is  connected  across  the  terminals 
of  the  transformer  under  test  in  the  same  manner 
as  an  ordinary  voltmeter.   A  wattmeter  is  also 
connected  in  circuit  in  such  a  way  as  to  measure 
the  total  input  of  both  transformer  and  iron  l*oss 
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voltmeter.   The  voltage  of  the  circuit  is  then 
adjustec?  "by  any  convenient  means  until  the  iron 
loss  voltmeter  reads  the  normal  voltage  of  the 
transformer.   The  total  power  input  is  read  on 
the  wattmeter  and  the  watt  input  of  iron  loss 
voltmeter  is  read  on  its  watt  scale,  the 
difference  being  the  normal  iron  lose  of  the 
transformer.   This  concludes  the  work  of 
experiment  number  7  on  "V/ave  Form  and  Iron 
Losses  in  Transformers", 
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The  Efficiency  of  Three  Phase  Transformers 

by  the  Opposition  Method 

INTRODQCTION 

In  the  opposition  method  the  only  energy 
supplied  to  the  transformer  under  test  is  that 
necessary  to  overcome  the  losses.   This  method 
is  therefore  a  very  convenient  and  economical 
way  to  make  heat  runs  on  large  transformers  for 
were  the  full  load  to  be  carried  during  the  whole 
test  the  performance  would  be  an  expensive  one. 
DETAILS  OF  THE  METHOD 

In  testing  one  three-phase  transformer  a 
single  phase  current  of  normal  rated  value,  4.54 
in  our  test,  is  sent  through  the  high  tension 
windings  connected  in  series  as  shown  in  Fig.  1. 
The  low  tension  side  is  connected  delta  to  a 
three-phase  supply.   For  regulating  the  supply 
current  in  the  high  tension  winding  a  common  lamp 
rack  may  be  used.   Two  wattmeters,  or  one  watt- 
meter and  a  selective  switch  are  needed  on  the 
three-phase  side  and  one  wattmeter  on  the  single 
phase  side  to  measure  the  iron  and  copper  loss 
respectively. 
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When  two  transformers  are  to  be  tested  by 
pairing  the  high  tension  windings  are  star  connec- 
ted and  normal  current  sent  through  each  winding. 
(Since  the  separate  coils  are  all  in  parallel 
three  times  the  normal  rated  current  must  be  fed 
to  the  neutrals). 

A  three-phase  e.m.f.  of  normal  value  is  im- 
pressed on  the  low  tension  side  delta  connected 
and  paralleled.   The  measuring  instruments  are 
arranged  as  in  the  testing  of  the  one  transformer. 
See  Pig.  2. 

THEORY  OP  THE  METHOD 

Referring  to  Fig.  1,  were  the  leads  of  the 
high  tension  side  to  be  disconnected, the  dif- 
ference of  potential  between  a  and  b  would  be 
0.  Hence  the  wattmeter  in  the  low  tension  side 
would  indicate  the  iron  losses. 

If  a  single  phase  current  equal  to  the  rated 
load  is  sent  through  the  high  tension  side  a  cur- 
rent is  caused  to  flow  in  the  closed  delta  of  the 
low  tension  side.   The  e.m.f.  induced  is  not  great 
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enough  to  send  the  current  out  of  the  delta.  Hence 
all  the  energy  supplied  to  the  high  tension  side 
is  the  total  copper  loss. 

Likewise,  if  the  transformers  are  paired  as 
shown  in  Fig.  2  and  three  times  the  rated  current 
be  sent  through  the  high  tension  sides  a  similar 
action  takes  place.   The  energy  supplied  to  the 
high  tension  sides  is  then  a  measure  of  the  cop- 
per loss  while  that  supplied  to  the  low  tension 
sides  is  a  measure  of  the  iron  loss. 
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OBSERVATIONS 

One  transformer 

I  -  4.54     V  r  110      25  cycles 

Copper  loss  =  405  watts  Iron  loss  =  300  watts. 

Two  transformers 

I  =  13.62     V  z  110     25  cycles 

Copper  loss  z   810  watts  Iron  loss  =  600  watts. 
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The  Regulation  of  Alternators 

INTRODUCTION 

Thus  far  no  method  has  been  found  whereby 
the  regulation  of  an  alternator  can  be  determin- 
ed with  any  degree  of  accuracy  without  loading 
the  machine  to  its  rated  load.   For  obvious  rea- 
sons this  cannot  always  be  done,  therefore  many 
methods  of  approximation  have  come  into  practice. 

Out  of  the  various  methods  of  determining 
the  regulation  the  American  Institute  of  Elec- 
trical Engineers  adopted  the  following  three 
with  preference  in  the  order  they  are  given: 
Method  At-  The  regulation  can  be  measured 
directly,  by  loading  the  generator  at  the  spec- 
ified load  and  power-factor,  then  reducing  the 
load  to  zero,  and  measuring  the  terminal  volt- 
age, with  speed  and  excitation  adjusted  to  the 
same  values  as  before  the  change.   This  method 
is  not  generally  applicable  for  shop  tests, 
particularly  on  large  generators,  and  it  becomes 
necessary  to  determine  the  regulation  from  such 
other  methods  of  testing  as  can  be  readily  made. 
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Method  B:-  This  consists  in  computing  the 
regulation  from  experimental  data  of  the  open- 
circuit  saturation  curve  and  the  zero  power 
factor  saturation  curve.   The  latter  curve,  or 
one  approximating  very  closely  to  it,  can  be 
obtained  by  running  the  generator  with  over- 
excited field  on  a  load  of  idle-running  under- 
excited  synchronous  motors.   The  power-factor 
under  these  conditions  is  very  low  and  the  load 
saturation  curve  approximates  very  closely  the 
zero-power  factor  saturation  curve.   From  this 
curve  and  the  open  circuit  curve  points  for  the 
load  saturation  curve,  for  any  power-factor, 
can  be  obtained  by  means  of  vector  diagrams* 
To  apply  this  method,  it  is  necessary  to 
obtain  from  test  the  open  circuit  saturation 
curve,  OA  and  the  saturation  curve  OB  at  zero- 
power  factor  and  rated  load  current.  At  any 
given  excitation  Oc,  the  voltage  that  would  be 
induced  on  the  open  circuit  is  ac,  the  terminal 
voltage  at  zero-power  factor  is  be,  and  the 
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apparent  internal  drop  is  ab.   The  terminal 
voltage  dc,  at  any  other  power-factor  can  be 
found  by  drawing  the  e.m.f.  diagram  as  in  Fig. 
2,  where  ^   is  an  angle  such  that  cos  ^   is  t}ie 
power  factor  of  the  load,  be  the  resistance 
drop  (IR)  in  the  stator  winding,  ba  the  total 
internal  drop,  and  ac  the  total  induced  volt- 
age; ba  and  ac  being  laid  off  to  correspond 
with  the  values  obtained  from  Pig.  1.   The  ter- 
minal voltage  at  power-factor  cos  0,    is  then 
cb  of  Fig.  2,  which,  laid  off  in  Fig.  1  gives 
point  d.   By  finding  a  number  of  such  points 
the  curve  Bdd'  for  power- factor  for  cos  0   is 
obtained  and  the  regulation  at  this  power-fac- 
tor (expressed  in  per  cent.)  is  100  x  a'd' , 

d'  c' 
since  a'd'  is  the  rise  in  voltage  when  the  load 

at  power-factor  cos  jz(  is  thrown  off  at  normal 
voltage  c'd'. 

Generally  the  ohmic  drop  can  be  neglected, 
as  it  has  very  little  influence  on  the  regula- 
tion, except  in  the  very  low  speed  machines 
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where  the  armature  resistance  Is  relatively 
high, or  in  some  cases  where  regulation  at  unity 
power-factor  is  being  estimated.  For  low  pow- 
er-factors, its  effect  is  negligible  in  prac- 
tically all  cases.   If  resistance  is  neglected, 
the  simpler  e.m.f.  diagram.  Pig.  3  may  be  used 
to  obtain  points  on  the  load  saturation  curve 
for  the  power-factor  under  consideration. 
Method  C;-  Where  it  is  not  possible  to  obtain 
by  test  a  zero  power-factor  saturation  curve 
as  in  the  foregoing  method,  this  curve  can  be 
estimated  closely  from  open-circuited  and 
short-circuited  curves,  by  reference  to  tests 
at  zero  power-factor  on  other  machines  of  sim- 
ilar magnetic  circuit.  Having  obtained  the 
estimated  zero  power-factor  curve,  the  load 
saturation  for  any  other  power- factor  is  ob- 
tained as  in  the  foregoing  method. 

Thus  this  method  is  the  same  as  the  method 
just  described,  except  that  the  zero  power-fac- 
tor curve  must  be  estimated.   This  may  be  done 
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as  follows:   In  Pig.  4,  OA  is  the  open-circuit 
saturation  curve  and  OE  the  short-circuit  line 
as  shovm  by  test.   The  zero-power-factor  curve 
corresponding  to  any  given  current  BF  will  start 
from  point  B,  and  for  machines  designed  with  low 
saturation  and  low  reactance,  will  follow  par- 
allel to  OA  as  shown  by  the  dotted  curve  BD, 
which  is  OA  shifted  horizontally  parallel  to  it- 
self by  the  distance  OB.   In  high  speed  machines, 
or  in  others  having  low  reactance  and  a  low 
degree  of  saturation  in  the  magnetic  circuit  the 
zero  power-factor  curve  will  lie  quite  close  to 
BD,  particularly  in  those  parts  that  are  used 
for  determining  the  regulation.   This  is  the 
case  with  many  turbo-generators  and  high-speed 
water-wheel  generators.   In  many  cases,  however, 
the  zero-power-factor  curve  will  deviate  from 
BD,  as  shown  by  BC,  and  the  deviation  will  be 
most  pronounced  in  machines  of  high  reactance, 
high  saturation,  and  large  magnetic  leakage. 
The  position  of  the  actual  curve  BC  with 
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relation  to  BD  can  be  approximated  with  suffi- 
cient exactness  by  investigating  the  correspond- 
ing relation  as  obtained  by  test  at  zero  power- 
factor  on  machines  of  similar  characteristics 
and  magnetic  circuit.   Or  curve  BC  can  be  cal- 
culated by  methods  based  on  the  results  of  tests 
at  zero  power-factor.   After  BC  has  been  obtained 
the  saturation  curve  and  regulation  for  any  other 
power-factor  can  be  derived  as  described  in  the 
second  method* 

CONDITIONS  FOR  TESTS  OF  REGULATION 
Speed  and  Frequency;-  The  regulation  of  gen- 
erators is  to  be  determined  at  constant  speed, 
and  of  alternating-current  apparatus  at  constant 
frequency. 

Power  Factor;-   In  apparatus  generating,  trans- 
forming or  transmitting  alternating-currents, 
the  power-factor  of  the  load  to  which  the  regula- 
tion refers  should  be  specified.   Unless  other- 
wise specified,  it  shall  be  understood  as  refer- 
ring to  non-inductive  load,  that  is  to  a  load 
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in  which  the  current  is  in  phase  with  the  e.m.f. 
at  the  output  side  of  the  apparatus. 
Wave  Form;-   In  the  regulation  of  alternating- 
current  machinery  receiving  electric  power,  a 
sine-wave  of  voltage  is  assumed,  except  where 
expressly  specified  otherwise. 

Excitation:-  In  commutating  machines,  rectify- 
ing machines,  and  synchronous  machines,  such  as 
direct-current  generators  and  motors,  as  well 
as  in  alternating-current  generators,  the  regula- 
tion is  to  be  determined  under  such  conditions 
as  to  maintain  the  field  adjustment  constant  at 
that  which  gives  rated-load  voltage  at  rated-load 
current,  as  follows: 

(1)  In  the  case  of  separately  excited  field 
magnets  -  constant  excitation. 

(2)  In  the  case  of  shunt  machines,  constant 
resistance  in  the  shunt  field  circuit. 

(3)  In  case  of  series  or  compound  machines, 
constant  resistance  shunting  the  series-field 
windings. 
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OBSERVATIONS 


Method  A. 
If 

6.89 
6.89 

3.02 
3.02 

3.1 
3.1 

6.85 
6.85 


P.P. 


.85 


.85 


1.00 


1.00 


Terminal 
Voltage 

Frequency 
in  cycles 

96 

50 

111 

57 

50 

725 

59 

50 

72 

105 

50 

111 

Method  B. 

Open  Circuit  Saturation 


5.1 

4.9 
4.5 
4.0 
3.5 


H 

96.3 

94.2 

91. 

84. 

76.5 


Full  Load  Saturation 


5.1 
4.5 
4.0 
3.5 
3.0 


98 

93.2 

88.0 

82.0 

75.0 
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Method  B  (continued) 

Open  Circuit  Saturation  Pull  load  Saturation 


If 

H 

If 

Et 

3.0 

69.0 

2.5 

68.0 

2.0 

46.5 

2.0 

59. 

1.5 

36.0 

1.0 

40. 

1.0 

23.0 

.5 

32. 

Frequency  50  cycles. 


RESULTS 

p.p.  Per  cent  Regulation 

Method  A.    Method  B.   Method  C 


6.89 

.85 

15.7 

29. 

4.75 

6.89 

1.0 

6.6 

7.7 

1.85 

3.1 

.85 

26.2 

600. 

60. 

3.1 

1.0 

22.0 

204. 

60. 
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EXPERIMENT  9. 
STUDY  OF  IRON  AND  COPPER  LOSSES  IN 
TWO  TRANSFORMERS 

The  usual  methods  for  measuring  losses  in 
a  transformer  are:  the  open  circuit  method  for 
iron  losses;  and  the  short  circuit  method  for 
copper  losses.   The  short  circuit  method  for 
copper  loss  is  not  always  convenient  especially 
in  testing  large  transformers  where  excessive 
current  is  required  to  fully  load  the  trans- 
former. 

To  overcome  this  difficulty  the  opposition 
method  has  been  devised. 

The  object  in  performing  this  experiment 
was  to  determine  how  the  losses  when  taken  by 
the  opposition  method  compare  with  the  losses 
when  taken  by  the  short  and  open  circuit  meth- 
ods; and  also  to  note  the  effect  on  the  results 
of  changing  the  phase  angle  and  frequency  of  the 
secondary  current. 
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Transformers: 

Two  3  phase,  25  cycle,  110  to  1100  volt  G.E. 

The  first  test  was  the  opposition  method 
applied  to  one  3  ^,  5  K.V.A.,  25  cycle  trans- 
former.  The  apparatus  was  first  connected  as 
shown  in  Fig.  A,  and  the  iron  and  copper  losses 
were  read  on  meters  Wi  and  Wc  respectively; the 
load  current  being  adjusted  for  full  value, viz., 
4.54  amperes  on  the  1100  volt  (high  tension) 
side.   Leads  aa  were  first  connected  across  one 
phase  of  the  primary,  and  then  successively  to 
each  of  the  other  two  phases,  and  to  the  first 
phase  reversed.   Next  aa  were  connected  to  a 
separate  source  and  the  frequency  varied  in  steps 
of  10  cycles  from  60  cycles  down  to  20  cycles. 
For  each  arrangement  the  iron  loss  and  copper 
loss  was  noted.   The  load  current  was  kept  as 
near  4.54  amperes  as  possible. 

The  second  test  was  the  opposition  method 
applied  to  two  3  ^,  5  K.V.A.,  25  cycle  trans- 
formers paired.   The  apparatus  was  connected  as 
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in  Pig.  B  ;  and  the  iron  and  copper  losses  were 
noted. 

The  third  test  was  the  measurement  of  the 
copper  loss  by  the  short  circuit  method,  and 
the  ii'on  loss  by  the  open  circuit  method.   These 
determinations  were  made  for  each  of  the  trans- 
formers. 
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Opposition  Method  on 
1  Transformer  - 
Changing  source  of  I^ 


Ic 

W, 

^'^c 

Wc 
correct 

,oad 

Current 

1st 

phase 

4.32 

315. 

393 

431 

2nd 

phase 

4.31 

317o 

5 

393 

435 

3rd 

phase 

4.3 

307. 

5 

387 

430 

1st 

4.32 

300. 

398 

438 

Opposition  Method  on 
1  Transformer  -  Varying 
Frequency  1q 


I 


c 


Load  Current 

1st  phase  4.58  312.5 

2nd  phase  4.54  325. 

3rd  phase  4.  325. 

1st       3.55  320. 

Short  and 
open  circuit 

Method 
Ic    Wi   W^ 

East  13.62   303   474 

West  13.62   287  470 


Wc 

Wc    f 
correct 

5   490 

480   60 

478 

478    50 

347 

446    40 

268 

437.5  30 

Paired 
Opposition 
Method 
I    W     W,  Wi/   Wc 
c    c     i   /T    > 

13.62 

654   860   324   43' 
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] 

Efficiency 

0pp. 

Short  & 
Open 

Load 

%  Eff. 

%  eff. 

4.54 

95.2 

95.1 

4. 

95.3 

95.1 

3.5 

95.1 

95.1 

3. 

95.1 

95. 

2.5 

94.9 

94.9 

2. 

94.4 

94.45 

1.5 

93.3 

93.4 

1. 

90.8 

90.9 

.5 

83.7 

84.4 

.25 

68.05 

68.95 

.1 

51.15 

62.1 
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RESULTS 

The  data  obtained  shows  that  varying  the 
phase  angle  of  the  load  current  effects  the 
copper  loss  by  about  2.%   and  the  efficiency  by 
about  .1^. 

Changing  the  frequency  of  the  load  current, 
however,  effects  results  to  a  certain  degree; 
the  copper  loss  decreases  with  a  decrease  in 
frequency. 

In  the  opposition  method  the  copper  losses 
are  slightly  smaller  and  the  iron  losses  slight- 
ly larger  than  in  the  short  circuit  and  open 
circuit  method.   The  two  discrepancies  seem  to 
balance  each  other  as  the  efficiency  curves  by 
the  two  methods  are  almost  identical. 

The  efficiency  was  calculated  from  the 

equation: 

Eff .  z  output 

outputs- copper  loss -f-  iron  loss 

Ic  assumed  to  be  4.54  amperes  per  phase. 

The  opposition  method  has  two  great  advan  - 

tages : 
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1.  Iron  loss  and  copper  loss  are  measured 
simultaneously,  and  without  changing  connections. 

2.  The  only  energy  consumed  is  that  which 
is  necessary  to  supply  the  losses.   This  method 
is,  therefore  especially  adapted  to  long  heat 
tests,  where  the  energy  consumed  is  a  large  item. 
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A  Study  of  a  Certain  Gonaenser 
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Experiment  No.  10 

A  Study  of  a  Certain  Condenser. 
OlDJect: 

It  is  a  well  known  fact  that  the 
impedance  of  a  condenser  is  inversely  pro- 
portional to  the  frequency.  Also,  by  Ohm's 
lavs,  the  current  is  inversely  proportional 
to  the  impedance. 

Conihinine  the  above  tv?o  statements  we 
get  a  final  expression  by  which,  the  current 
is  directly  proportional  to  the  frequency. 

In  an  experiment  on  study  of  Inductance 
and  capacities  performed  by  the  senior  class 
of  Armour  Institute,  it  was  found  that  a 
certain  condenser  showed  increase  of  current 
with  increase  of  frequency  up  to  a  certain 
point,  and  then  a  decrease  of  current  with  a 
still  further  increase  of  frequency. 

It  is  the  purpose  of  this  experiment,  there- 
fore, to  show  why  this  apparently  abnormal 
behavior  takes  place. 
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A  Study  of  a  Certain  Condenser. 
IMTSODUQTIDli 

Before  we  take  up  the  ci  is  cuss  ion  of 
characteristics  of  our  condenser,  perhaps  it 
will  be  worth  while  to  give  in  detail  the 
definition  of: 

He si  stance , 

Inductance  and 

Capacity; 
also  the  effects  of  placing  either  one  in  a 
circuit,  and  finally  the  general  characteristics 
of  each  one  separately, 

REST  STAIJGE 
Resistance  is  the  opposition  offered  to 

the  passage  of  current  in  a  conductor. 

Volts 

It  is  the  ratio  of for  a 

Amperes 
Direct-Current  circuit. 

If  placed  in  a  circuit  it  does  not  produce 

any  phase  displacement  of  voltage  and  current, 

but  simply  reduces  the  value  of  current,  the  
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e.rn.f,  reipaining  constant;  in  other  words 

the  resistance,  or  R  I  drop  is  always  in  phase 

with  the  current. 

In  an  A-C  circuit  it  is  usually  called 
effective  resistance,  and  it  iB  equal  to  the 
ratio  of  the  total  power  as  indicated  by  a 
watt-meter,  to  the  Voltage  of  the  circuit. 

IBDUGTANCE 
The  numher  of  interlinkages  of  an  electric 
circuit  with  the  lines  of  magnetic  force  of 
the  flux  produced  by  unit  current  in  the  circuit 
is  called  inductance  of  the  circuit.   It  is  the 
ratio  of  the  induced  e.ra.f.  to  the  ratio  of 


change  of  current. 

e  =  -    ^ 

K 

dt 

T               e 

d  0 

dt 

d  0 

L  ■  - 

~ 

= 

di 

dt 

di 

di 

dt 

Inductance  can  be  either 

(1)  Self  inductance  =  L  as  defined  above. 

(2)  Mutual  Inductance  =  M; 
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Mutual  Inductance  is  the  number  of  inter- 
linkages  of  an  electric  circuit  with  the  lines 
of  magnetic  force  of  the  flux  producea  by  unit 
current  in  a  second  electric  circuit. 
M^  -     or  /  L^  Lg 

It  is  dqual  if  all  of  the  flux  is  inter- 
linked -with  both  circuits,  and  smaller  if  not. 
The  practical  unit  of  inductance  is  the  henry 
(h)'  and  the  milhenry  (m  h). 

In  an  A-C  circuit  the  instantaneous  values 
of  the  current  and  voltage  can  be  expressed 
by  equations  (1)  and  (g)  respectively. 

i  =  Imax  ^^"  2   II   ft (1) 

di  ,    , 

e  =  -L  =-L  Ijiiax  H  TI   f  cos   2  ITft.    iZ) 

dt 

Equation  (1)  is  a  sine  wave  while  equation 

(E)  is  a  cosine  (see  figure  10-A). 

It  is  apparent,  therefore,  that  the  current 
and  voltage  are  90  degrees  out  of  phase,  as  a 
result  of  which  the  power  per  cycle  is  equal 
to  zero.  (See  figure  lOg. ) 

P  =  K  I  cos  e  s  E  I  cos  90°  =  0 


■ft 
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The  above  relation  is  true  provided  the 
circuit  we  are  dealinp  with  is  purely  inductive 
which  is  practically  impossible,  because  there 
is  always  some  resistance  in  the  circuit. 
Consequently  fisure  10-3  must  be  slightly 
modified  as  shown  by  figure  10-C .   Here  the 
resultant  voltage  is  equal  to  the  vector  sum 
of  voltage  consumed  by  the  resistance  s  R  I 
and  the  voltage  consumed  by  the  inductance 
B  2  TI  F  L  I. 

or   E  =  I  \frr'^  ^   2  H  f  L  2 
_  I    r.2    X  2 

=  I    Z 
where  Z  is  called  the  impedance  of  the  cirucit» 

The  2  TT  f  L  I  component  of  the  voltage  is 
called  the  reactive,  or  wattless,  while  the 
R  I,  or  resitance  is  called  the  power  component, 
©  is  the  angle  by  which,  (assuming  counter- 
clock  wise  ratation)  the  current  lags  behind 
the  e»m,f. 
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e-  s  tan   -  tan  ^ 

R  B 

-  phase  anglo  of  the  circuit. 

COIJDENSEIiS  AND  CAPACITY 

The  aefinitlon  of  capacity  in  general  is 
simply  the  ability  of  any  piece  of  apparatus 
to  store  up  energy  in  an  electric  field. 

The  charge  of  an  electric  condenser 
is  proportional  to  the  impressed  voltage, 
that  is  potential  difference  at  its 
terminals,  and  to  its  capacity. 

A  condenser  is  said  to  have  a  unit 
capacity  if  unit  current  existing  for  one 
second  produces  unit  difference  of  potential 
at  its  terminals. 

The  practical  unit  of  capacity  is  the 
farad  -  one  farad  is  an  extremely  large  unit, 
and,  therefore,  one  millionth  of  one  farad, 
called  microfarad  (m  f)  is  commonly  used. 

If  an  alternating  e.m.f.  i^  impressed 
upon  a  condenser  the  charge  of  the  condenser 
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variewS  proportionally  to  it,  and  thus  there 
is  current  _to  the  concienser  during  rising,  and 
from  the  condenser  during  decreasing  e.m.f.; 
that  is  the  current  taken  "by  the  condenser 
leads  the  impressed  voltage  by  90  degrees,  or 
a  quarter  of  a  cycle, 
Denoting 

f  s  frequency 

K  s  effective  voltage   impressed   on 

condenser 

C  s  Capacity  in  m  f  s. 

The   time  of   one   complete   charge   or   discharge 

is  ,    since   the    condenser  is    charged  and 

4f 
discharged    twice   each  cycle. 

iiiow   since 

V  2  i:  is  the  maximum  voltage  impressed 
upon  the  condenser,  and  average  of  G  E  v2 
10"  amperes  would  have  to  exist  during  one 
second  to  charge  the  condenser  to  this 

voltage,  and  to  charge  it  m  seconds  an 

r-  ^^   6 
average  current  of  4fC  E  V  2  10"  amps  is 

required. 
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iiiTKCTIVE   I           ~T1 
Since       _>___ s  


AVERAGE    I  2^8" 

for  a   sine  wave,    it   follows   that   effective 
I    B   S  "TT  f  C   E  10"^  amps   -    in  other  words  at 
an  e.m.f.   E   effective    volts,   and    frequency  f, 
a   condenser  of  C  m. f ,s , capacity  takes  I   = 
S   n  f  C   E  10"^  amps. 
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The  effective  eiirrent  leads  the  terminal 
voltage  by  90°  or  "by  a  quarter  of  a  cycle. 

Again  the  above  90  deg.  assumption  is  not 
exactly  true  because  due  to  the  energy  loss 
in  the  condenser  by  dielectric  hysteresis  and 
leakage,  the  current  leads  the  e,m.f.  by  some- 
what less  than  90  deg.,  and  therefore,  it  can 
be  resolved  into  thev»ttless  charging  current, 
and  dielectric  hysteresis  plus  leakage. 

Finally  then  the  current 


106 
E  11  f  G 


-2     106  -2        2 


where 

C  s  capacity  in  m  f  s 

Z  =  impedance  in  ohins 

10^ 
>__  sis  condensive  reactance. 


2  31  f  G 

generally  R  is  small  compared  with  X  and  it 

can  be  neglected  then: 
2  H  f  C  E 
10^ 
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For  an  ideal  condenser  a  curve  plotted 
between  (f)  and  (I)  vjith  constant  (E)  of  sine 
wave  is  a  straight  line  shov/'inp;  that  I  varies 
directly  with  the  frequency. 

To  prove  the  above  theoreetical  assumption, 
3  types  of  condensers  were  tested  as  follows*. 

The  condensers  used  in  this  experiment  were 
of  two  types;  in  one  type  the  tin  foil  is 
soldered  together  at  the  ends  and  the  two 
ends  are  used  as  the  terminals,  in  other  words, 
it  consists  of  several  small  condensers  in 
parallel;  in  the  other  type  the  tin  foil  is 
not  joined  at  the  ends  and  the  condenser  is 
of  a  flat  spiral  form.   The  Voltage  across 
the  condenser  is  maintained  constant  and  the 
frequency  varied  from  30  to  65  cycles.   In 
two  of  the  condensers  the  current  increased 
directly  as  the  frequency,  while  in  the  third 
condenser  the  current  curiae  had  the  shape 
shown  in  fi^.  10-D.   This  is  the  current 
curve  of  the  flat  spiral  formed  condenser. 
The  current  first  rises  with  an  increase  in 
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frequency,  thc.n   dPcreases  and  vith  a  still 
further  increase  in  frequency  the  current  rises 
again.   I'his  irregularity  is  ovirlently  due  to 
harmonics  and  to  prove  this,  and  inductance  was 
placed  in  series  vi/ith  the  condenser  in  order 
to  damp  out  the  higher  harmonics  and  then  the 
current  curvf  varied  directly  with  the  frequency. 
The  data  taken  on  condenser  iw,    1  (ohlong  con- 
denser with  knife  switches)  are  as  follows; 


Current 

i'requency 

7oltai 

in  amps. 

in 

eye 

les 

5.75 

65 

110 

5.35 

60 

110 

4.95 

55 

110 

4.68 

50 

no 

4.38 

45 

no 

3.95 

40 

no 

3.50 

35 

> 

no 

3.31 

30 

no 

A  curve  showing  the  relation  between  the  current 
and  the  frequency  is  shown  in  fifr.  lO-E.   The 
data  for  condenser  I'io.  8,  known  as  the  Llarshall 
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condenser  are   listed   below: 


Current 

in  amps. 

i'reguency 
in  cycles 

Const 
voltage 

.34 

60.0 

.29 

55.0 

.24 

50.0 

.S3 

45.0 

.24 

42.5 

.24 

40.0 

.19 

35.0 

.10 

30.0 

The   cur'ge   showing  the   frequency  current 
relation   is   sketched    iu   fig-.    10-i\ 

The   data   taken   on   condenser  i^io.    3    (the 
telephone    condenser]    without  any   inductance 
are  as   follows: 
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Current 
in  amps. 

i^requency 
in  cycles 

Constant 
Voltage 

0.B18 

30,0 

1,010 

32.5 

1.125 

35,0 

I.ISO 

36,0 

1.080 

37,5 

1,040 

40.0 

1.021 

42,5 

1.020 

45.0 

1.040 

47.5 

1.078 

50.0 

1,180 

55.0 

1,300 

50.0 

The   data  taken 

with    inductance 

'    in 

series   to 

damp   out   the 

harmonics  are  ae 

foil 

.ows: 

Current 
in  amps. 

Frequency 
in  cycles 

.750 

37.5 

,775 

40.0 

.816 

42,5 

.850 

45,0 

.890 

47,5 

131 


.920  50.0 

1.004  56.0 

1,080  60.0 

1,190  65.0 

The  curves  showing  the  relation  between  the 
current  and  frequency  ^ith  and  without  a  series 
inductance  in  circuit  are  drawn  in  i-ig.  10-D. 
By  a  special  connoction  of  the  alternator  it 
was  possible  to  secm-e  a  harmonic  of  the  third 
or'  ninth  harmonic.  A  study  of  the  voltage 
■wave  of  this  generator  showed  a  strong  eleventh 
and  thirteenth  harmonic,  and  so  in  order  to 
get  a  harmonic  near  to  one  of  these  the  ninth 
was  used.   Ihis  gave  approximately  a  sine  wave 
and  a  frcouency  of  nine  times  the  fundamental. 
In  order  to  produce  a  ninth  harmonic  alone 
it  was  necessary  to  connect  the  alternator  in 
delta  and  open  one  corner  and  then  to  form  a 
resonance  circuit  for  the  ninth  harmonic. 
The  connections  for  the  ninth  harmonic  are 
shown  in  fig.  10-G,   In  order  to  tell  when 
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the  circuit  wae  in  resonance  for  the  ninth 
harmonic  it  was  necessary  to  regulate  the  ii".- 
ductance  until  maximum  deflection  on  thr  ammeter 
was  ohtained.  A  check  on  the  frequency  was 
obtained  as  follows:  iJ'rom  the  formula 
I  r  2  U.  f  G  E,  the  capacity  of  the  condenser 
was  calculated  from  th?^  previous  data  and  found 
to  be  26.35  ra.f.;  the  frequency  of  the  ninth 
harmonic  at  the  required  point  on  the  curvd 
or  475  cycles  was  then  substituted  in  the 
formula  and  the  current  required  was  8.65 
Eunps.   When  this  amount  was  tabulated  on  the 
ammeter  the  frequency  was  vevy   near  to  475 
cycles.   The  data  taken  for  the  ninth  harmonic 
are  as  follows: 


Current 

Frequency 

in  amps . 

in  cycles 

2.S5 

373.5 

3.70 

427.5 

4.16 

450.0 

4.38 

472.5 

4.30 

495.0 

4.62 

540.0 
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GOKCLUSIOM 

Before  starting  the  experiment  we  aBL-umedi 
that  the  e*im.f.  wave  of  the  altf^rrifitor  which 
was  used  to  test  the  condenser  was  nearly  a 
sine  wave. 

This,  however,  waf'  not  true  as  it  was  .found 
later.   I'he  actual  e.m.f,  wave  of  the  machine 
v»as  traced  on  an  oscillogram,  and  it  was  further 
analyzed  into  its  component  parts  hy  Famge's 
method,  (See  experiment  fio.  4.  Analysis  of 
wave  forms  equation  (4). 

This  final  equation  indicates  that  the 
wave  is  very  much  distotted  with  pronounced 
7th,  11th,  and  13th  harmonics 

This  was  also  |>roved  by  connecting  the 
machine  Delta,  opening  one  corner,  and  connect- 
ing the  condenser  in  series. 

Resonance  was  obtained  with  machine  frequency 
of  60°,  and  the  frequency  of  the  circuit  was 
calculated,  and  found  to  be  423  cylces,   2his 
shows  the  resonance  was  due  to  the  7th  harmonic 
which  as  we  mention  before  is  the  moist  prominent. 
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It   is   therefore    dne   to  a-non-sine  wave 
of  e.m.f.,   and    the   various   frequencies  which 
enter  whenever  a  resonance   is   established  and 
also   due   to   the   fact   that   the    condenser  was 
wound    inductively,    that  we   obeerved    the 
peculiar  results,    and    the  apparently  abnormal 
behavior  of  the   telephone  condenser. 
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